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Abstract 


Bai.xKxBi03  (BKBO)  has  a  transition  temperature,  Tc,  of  34  K  and  is  unique 
among  the  high-temperature  oxide  superconductors  because  it  is  isotropic.  It  has 
been  little  studied  and  it  is  desirable  to  understand  its  behavior  from  the  perspectives 
of  both  potential  electronic  applications  and  fundamental  understanding  of 
superconductivity.  This  study  has  involved  a  determination  of  the  structural, 
electronic,  and  chemical  properties  of  BKBO  films  and  junctions  deposited  by  rf 
magnetron  sputtering.  It  was  found  that  films  with  the  highest  Tc  and  lowest  rocking 
curve  widths  were  consistently  grown  on  SrTi03.  This  material  was  therefore  used 
as  a  buffer  layer  for  growing  high-quality  BKBO  films  on  the  more  practical 
substrates  LaA103  and  NdGaO;.  SrTi03  was  also  used  as  a  barrier  to  fabricate 
BKB0/SrTi03/BKB0  SIS  junctions  for  the  first  time.  These  junctions  exhibited 
tunneling  behavior.  Modelling  based  on  electrical  measurements  and  electron 
diffraction  observations  of  surface  structure  indicated  island-type  growth  of  the 
barrier  material.  The  thickness  variation  in  the  tunnel  barrier  as  a  result  of  island 
formation  limits  the  practical  potential  of  such  junctions  in  most  applications  where 
tunneling  current  uniformity  and  junction  reproducibility  are  required. 

As  an  alternative  to  BKBO  junctions,  YBa2Cu307.x  (YBCO)  was  used  in 
junction  fabrication.  YBCO  is  a  desirable  material  for  junctions  despite  the 
difficulties  that  arise  due  to  its  anisotropy  because  its  Tc  of  90  K  allows  the  use  of 
liquid  nitrogen  as  a  cryogen  and  because  it  has  no  volatile  components.  High-quality 
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films  of  YBCO  were  deposited  using  rf  magnetron  sputtering.  Earners  such  as  Co¬ 
doped  YBCO  on  YBCO  have  been  studied  and  used  to  fabricate  SNS  edge 
junctions. 
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Introduction 


The  goal  of  this  thesis  work  has  been  to  produce  BKBO  and  YBCO  thin  film 
superconductors  for  device  applications  and  for  study  of  their  structural,  chemical, 
and  electronic  properties.  In  Chapter  I,  several  of  the  fundamental  principles  of 
superconductivity  necessary  for  discussion  of  materials  and  devices  are  presented. 
Although  the  microscopic  theory  of  high-temperature  superconductors  is  still  actively 
debated,  the  BCS  theory  is  considered  here  to  be  the  most  relevant.  This  assumption 
appears  to  be  well-justified  for  cubic  BKBO  and  for  YBCO,  which  is  relatively 
isotropic  compared  to  the  higher  temperature  materials  such  as  the  Bi,  Tl,  and  Hg 
compounds.  Other  pairing  mechanisms  and  statistical  mechanics  of  the  superfluid 
condensation  have  been  offered  but  still  remain  controversial  and  will  not  be 
discussed  here.  The  BCS  theory  describes  the  nature  of  the  attractive  pairing 
between  electrons  and  the  condensation  into  the  superfluid  ground  state. 

Transport  propierties  are  considered  both  in  the  normal  state  and  through  the 
superconducting  transition.  The  traditional  role  of  impurities  on  normal-state 
properties  and  the  superconducting  transition  is  discussed.  More  importantly, 
deviations  from  linear  behavior  of  normal-state  resistivity  as  a  function  of 
temperature,  which  have  been  observed  for  BKBO  and  YBCO  derivatives,  are 
discussed  in  terms  of  a  variable-range  hopping  model.  The  two-fluid  model  is 
offered  as  a  means  of  discussing  the  superposition  of  current  densities  from  both 
normal  and  superconducting  electrons  under  ac  conditions. 

The  magnetic  properties  of  superconductors  are  described  next,  including 
experimental  manifestations  of  the  Meissner  Effect  and  the  distinction  between  Type 


I  and  Type  11  superconductors.  All  of  the  oxide  superconductors  are  high-K  Type  II  ’ 
superconductors  with  short  (<  100  A)  coherence  lengths.  The  two  superconducting 
length  scales,  the  Ginzburg-Landau  (and  BCS)  coherence  length  and  the  London 
penetration  depth,  are  introduced.  In  high-temperature  superconducting  materials, 
novel  H-T  (magnetic  field  vs.  temperature)  phase  diagrams  have  been  observed  with 
important  experimental  manifestations  of  phenomena  such  as  flux  lattice  melting  and 
3D-2D  vortex  transitions.  These  are  not,  however,  important  for  the  materials 
studied  in  this  project  and  are  therefore  not  discussed.  For  the  isotropic  and  lower- 
temperature  superconductor  BKBO,  with  a  Tc  of  34  K,  these  considerations  are  not 
necessary.  For  the  more  anisotropic  YBCO  material,  manifestation  of  novel  vortex 
phases  are  limited  to  temperatures  very  near  the  superconducting  transition 
temperature  and  can  therefore  be  ignored  in  most  of  the  work  considered  here. 

Tunneling  phenomena  associated  with  both  electrons  pairs  and  quasiparticles 
are  considered  next.  This  includes  a  discussion  of  energy  level  diagrams,  circuit 
analogs,  and  I-V  characteristics  of  SIS  and  SNS  Josephson  Junctions.  The 
modulation  of  the  tunneling  current  density  in  an  applied  field  is  discussed  next. 
Finally,  the  applications  of  Josephson  Junctions  are  summarized.  One  of  the 
important  goals  of  the  research  presented  in  this  thesis  has  been  the  demonstration  of 
interesting  high-temperature  superconducting  devices,  and  particularly  the  fabrication 
of  BKBO  SIS  trilayer  junctions  and  YBCO  SNS  edge  junctions;  other  geometries 
were  not  emphasized  in  this  work.  These  types  of  junctions  have  mostly  digital  logic 
applications,  so  analog  applications  are  introduced  but  are  not  considered  any 
further. 
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The  rest  of  the  thesis  is  organized  in  the  following  manner:  in  Chapter  II  is  a 
historical  background  of  the  discovery  of  superconductivity  in  metals  and  compounds 
and  of  the  subsequent  development  of  Josephson  Junctions  which  utilize  these 
compounds.  A  great  deal  of  effort  has  been  made  in  utilizing  oxide  superconductors 
in  electronic  devices.  Of  these,  BKBO  is  the  highest-Tc  material  which  is  also 
isotropic.  In  addition,  it  has  a  relatively  long  coherence  length  (30-60  A).  All  of 
these  properties  make  it  an  interesting  material  for  study.  By  contrast,  YBCO  has 
the  advantages  of  a  higher  Tc  and  of  having  no  volatile  components.  An  introduction 
to  the  properties  of  BKBO  and  YBCO,  the  materials  studied  in  this  work,  is  then 
given. 

The  objectives  of  this  research  are  discussed  in  Chapter  III.  This  discussion 
includes  a  list  of  necessary  junction  properties  and  a  description  of  experimental 
techniques  used  to  measure  these  properties.  Chapter  IV  contains  an  account  of  the 
methods  and  procedures  used  in  film  and  junction  growth  and  characterization  and 
explanations  of  the  physical  principles  involved  in  each  technique.  Experimental 
results  for  films  and  junctions  are  discussed  in  Chapter  V,  and  conclusions  are  drawn 
and  future  research  directions  suggested  in  Chapter  VI. 


3 


Chapter  1.  Principles  of  Superconductivity 


Superconductors  have  the  unique  properties  of  zero  resistance  and  of  magnetic 
flux  expulsion  from  their  interiors,  both  of  which  are  observed  for  temperatures 
below  the  superconducting  transition  temperature,  Tc.  The  resistanceless  state  has 
been  described  in  many  theories.  The  most  comprehensive  and  widely  accepted  of 
these,  however,  is  the  Bardeen-Cooper-Schrieffer  (BCS)  theory.  The  BCS  theory 
describes  an  attractive  interaction  between  electrons  which  is  mediated  by  an 
electron-phonon  interaction.  This  theory  is  applicable  to  isotropic  superconductors. 
In  these  materials,  the  electrons  condense  into  a  superfluid  state  in  which  they  are 
paired.  Upon  excitation,  the  pairs  split  and  the  electrons  become  normal.  A  simple 
two-fluid  model  is  often  employed  to  describe  the  currents  carried  by  both 
superconducting  and  normal  electrons  under  ac  conditions. 

In  conventional  superconductors,  two  types  of  behavior  are  observed  with 
respect  to  magnetization  behavior.  The  behavior  is  dependent  upon  the  sign  of  the 
interfacial  energy  between  the  superconducting  and  normal  regions.  If  the  interfacial 
energy  is  positive,  the  flux  entering  the  superconducting  sample  for  fields  exceeding 
the  thermodynamic  cntical  field.  He,  causes  the  abrupt  loss  of  superconductivity, 
which  is  characteristic  of  type  I  response.  By  contrast,  a  negative  interfacial  energy 
stabilizes  the  vortex  state  above  a  lower  critical  field,  Hc^,  with  the  eventual  loss  of 
superconductivity  at  the  upper  critical  field,  Hc2,  in  a  type  II  superconductor.  In 
Ginzburg-Landau  theory,  the  distinction  between  type  I  and  type  II 
superconductivity  depends  on  the  ratio  of  two  characteristic  length  scales,  the 
London  penetration  depth,  X,  and  the  coherence  length,  When  the  ratio  K=XJ^  is 
>  1/ V2  ,  type  II  superconductivity  is  observed,  while  type  I  superconductivity  is  seen 
for  K<  1/  ^f2  . 
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A.  Bulk  properties 

1.  Cooper  pairing,  concept  of  electron-phonon  interaction,  and  the  BCS  energy  gap 

The  concept  of  an  electron-phonon  interaction  in  superconductors  was  first 
proposed  by  Frohlich  in  1950.  He  suggested  that  the  electron-phonon  interaction 
was  capable  of  coupling  two  electrons  together  through  the  emission  of  a  phonon 
from  a  first  electron  and  subsequent  absorption  by  a  second  [1].  R.A.  Ogg  was  the 
first  to  suggest  that  superconducting  electrons  form  pairs,  but  his  chemical  theory  did 
not  gain  acceptance  [2].  Cooper  later  gave  a  physical  basis  for  pairing.  He 
demonstrated  that  when  two  electrons  are  added  to  a  metal  at  zero  temperature,  they 
are  forced  to  occupy  states  outside  the  Fermi  sphere  by  the  Pauli  Exclusion  Principle, 
but  if  there  is  an  attractive  potential  coupling  the  electrons,  their  total  energy  will  be 
less  than  2Ep  (where  Ep  is  the  Feimi  energy  of  the  metal)  [1].  His  treatment 
involved  only  two  electrons,  which  was  funher  refined  in  1957  by  Bardeen,  Cooper, 
and  Schrieffer  to  apply  to  a  many-electron  system.  The  three  won  the  Nobel  Prize 
for  this  work  in  1972.  BCS  theory  explains  how  the  residual  effective  positive 
.  charge  left  by  the  first  electron-phonon  interaction  attracts  the  second  electron  of 
opposite  momentum,  thus  creating  a  resistanceless  path  for  the  Cooper  pairs.  This 
theory  also  proposes  a  ground  state,  which  contains  the  superconducting  electrons, 
or  Cooper  pairs,  separated  from  excited  states,  which  contain  the  normal  electrons, 
or  quasiparticles,  by  an  energy  gap.  This  gap  represents  the  energy  to  split  apart  the 
coupled  electrons  and  has  been  unambiguously  observed  in  the  lower-T^ 
superconductors.  The  BCS  gap  energy  can  be  related  to  the  density  of  states,  Nq, 
and  the  electron-lattice  interaction  potential,  Vq,  by  [3]: 

A(0)  =  2^toe-(l^oVo)  (1) 


5 


where  ti=  Planck's  constant/27r  and  og  is  the  phonon  frequency.  The  relationship  for 
the  critical  temperature,  in  zero  magnetic  field  results  from  a  statistical 
mechanical  treatment  of  the  Bose  condensation  and  is  of  a  similar  form: 

kTc=  1.13ft(oe-(l/NoVo)  (2) 

The  ratio  of  these  yields  2A(0)/kTc  =  3.52  and  gives  an  estimate  of  the  strength  of 
the  electron-phonon  coupling.  Note  that  the  energy  to  overcome  the  gap  is  2A  since 
there  are  two  electrons  in  a  Cooper  pair  which  traverse  the  gap  when  excited.  The 
BCS  temperature  dependence  of  the  gap  is  given  by  the  relation  [3]: 

A(T)/A(0)  =  1.74  (1-  T/Tc)1/2  (3) 

for  T  near  T^  It  can  be  seen  from  Figure  I  that  below  about  O.bT^,  the  gap  is 
essentially  independent  of  temperature.  Above  this  value,  the  specific  heat  of  the 
superconductor  rises  rapidly  with  temperature  because  dA(T)/dT  diverges  as  T 
approaches  T^.  The  energy  2A  required  to  split  a  Cooper  pair  is  reduced  as  the  gap 
becomes  smaller.  Above  T^,  no  energy  is  required  for  pair  splitting,  so  there  is  an 
abrupt  decrease  in  the  specific  heat  with  increasing  temperature  [1]. 

Another  consequence  of  electron-phonon  interaction  in  superconductors  is  that 
they  exhibit  an  isotope  effect.  It  has  been  observed  that  the  critical  temperature  of 
superconductors  varies  with  isotopic  mass  in  a  relation  of  the  form  M^T^  =  a 
constant.  This  is  a  result  of  the  direct  proportionality  of  T^  to  G^,  the  Debye 
temperature  of  the  lattice,  which  in  turn  is  proportional  to  /ik(K/M)l/2^  where  K  = 
the  spring  constant  of  the  lattice,  M  =  the  isotope  mass,  and  k  is  a  phonon 
wavevector.  In  the  original  BCS  model,  a  =  1/2,  but  if  Coulombic  interactions  are 
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Figure  1.  Dependence  of  the  superconducting  gap  on  temperature.  The  gap  is  zero 
at  the  transition  temperature,  [1]. 
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Figure  2.  Superconducting  transitions  in  pure  and  impure  tin.  Impure  materials  have 
much  broader  transitions  [5]. 
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considered,  phonon  frequencies  are  "dressed"  and  the  exponent  changes.  Observed 
values  of  a  actually  range  from  0.32  ±  0.07  in  Cd  to  0.61  ±  0. 10  in  T1  [4];  in  some 
elemental  superconductors,  a  is  zero,  and  in  some  alloy  superconductors,  it  is 
negative. 

2.  Resistive  transition,  variable-range  hopping  conduction,  and  the  two-fluid  model 

In  addition  to  the  pairing  of  electrons,  there  are  two  properties  that  distinguish 
superconductors  from  other  materials.  The  first  is  the  lack  of  resistance.  The 
resistance  of  a  pure  material  will  drop  precipitously  as  the  material  approaches  its 
superconducting  transition  temperature,  T^,  as  shown  in  Figure  2.  If  the  material  is 
impure,  however,  the  resistance  will  drop  gradually,  which  is  shown  in  Figure  2  as 
well.  The  transition  for  the  impure  material  is  broader;  T^Conset)  occurs  at  3.76  K, 
whereas  Tc(R=0)  occurs  at  3.72  K.  Above  the  transition  temperature, 
superconductors  tend  to  exhibit  metallic  behavior.  If  the  p  vs.  T  line  were 
extrapolated  beyond  the  transition,  the  slope  should  be  such  that  the  line  would 
intersect  (0,0)  for  a  pure  matenal.  This  is  not  always  the  case,  however.  In  some 
superconductors,  vanable-range  hopping  occurs;  in  such  a  case,  p  rises  as  temper¬ 
ature  is  lowered  until  the  superconducting  transition  is  reached. 

Variable-range  hopping  conduction  is  observed  in  lightly-doped  and  strongly- 
compensated  heavily-doped  semiconductors.  In  the  former  case,  the  average 
distance  between  impurities,  (where  N  =  impurity  concentration),  is  greater 

than  the  Bohr  radius,  a,  of  the  impurity  so  that  Na3«  1 .  Heavy  doping  implies  that 
Na3»l.  Very  heavy  doping  "'ithout  compensation  leads  to  metallic  conduction 
with  little  variation  in  carrier  concentration  with  temperature  [6]. 

If  the  temperature  is  relatively  high  in  a  compensated  semiconductor,  the 
electrons  can  acquire  enough  thermal  energy  to  overcome  the  potential  barriers 
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between  them.  The  electrons  are  excited  from  donor  impurity  levels  to  the 
conduction  band.  When  the  temperature  is  lowered,  the  conduction  mechanism  is 
one  of  electrons  "hopping"  from  donor  to  donor.  "Hopping"  occurs  by  electrons 
tunneling  from  one  potential  well  to  another.  These  hops  are  possible  because  of  the 
overlap  of  neighboring  impurity  state  wave  functions  [6].  The  probability  of  such  a 
jump  occurring  is  proportional  to  the  square  of  the  modulus  of  the  overlap  integral  of 
the  wave  functions  of  the  ground  state  of  an  electron  at  each  of  the  donors  [7]. 

The  following  argument  by  Mott  [8]  gives  an  explanation  for  the  T'^/^ 
dependence  of  the  resistivity  at  very  low  temperatures: 

Thermally  activated  hopping  occurs  when  an  electron  in  a  state  with  energy  below 
the  Fermi  energy  (Ep)  receives  sufficient  energy  from  a  phonon  for  excitation  to  a 
state  above  Ep.  Thermally  activated  hopping  conductivities  are  described  by  the 
Arrhenius  relation; 

0  =  0^  exp  (-e^/kT) 

where  is  an  energy  barrier  to  hopping  of  the  form: 

e^-l/NfEpla^ 

where  a  is  the  distance  between  nearest  neighbors  and  N(Ep)  is  the  density  of  states 
per  unit  volume  at  the  Fermi  level.  The  density  of  states  in  a  sphere  of  radius  R  for 
energies  near  the  Fermi  energy  is  (47t/3)R^N(Ep)  per  unit  energy.  At  low 
temperatures,  hopping  need  not  be  to  a  nearest  neighbor;  the  activation  energy,  AE, 
will  be  smaller  if  the  electron  hops  farther  since 

AE  =  1/(47i/3)R3N(Ep)  (6) 

Hopping  over  a  large  distance  has  a  lower  probability,  however,  since  tunneling  is  the 
hopping  mechanism  and  the  probability  is  proportional  to  exp  (-2aR),  where  1/a  is 
the  decay  length  of  the  localized  wave  function.  The  parameter  a  is  on  the  order  of 


(4) 
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kp,  which  is  the  magnitude  of  a  wavevector  at  the  Fermi  surface.  The  optimum 
hopping  distance  R  is  that  for  which: 

exp  (-2aR)exp(-AE/kT)  (7) 

is  a  maximum.  This  occurs  when: 

2aR+ l/{(4;i/3)R3N(EF)kT)=0  (8) 

for  which  the  maximum  R  value  is: 

R=  {l/87tN(EF)cdcT}l/4  (9) 

Substituting  the  expression  in  (9)  for  R  in  equation  (8)  yields  a  hopping  probability 
and  therefore  a  conductivity  of  the  general  form  A  exp  (-B/T^/‘^),  where 

B=2(3/27t)l/4{a3/kN(EF) }  1^^. 

Below  the  transition  temperature,  a  superconducting  material  is  resistanceless 
under  dc  conditions,  for  which  all  of  the  current  is  carried  by  Cooper  pairs.  There  is 
no  current  carried  by  the  normal  electrons  without  an  electric  field  to  drive  their 
movement.  In  an  alternating  field,  however,  both  normal  and  superconducting 
electrons  carry  current,  which  can  be  represented  by  a  two-fluid  model.  There  is  a 
resulting  resistance  from  scattering  of  the  normal  electrons.  In  addition,  the 
superelectrons  possess  a  small  inertial  mass  which  causes  them  to  lag  behind  the  field 
and  to  thus  present  an  inductive  impedance  [5]. 

3.  Meissner  effect.  Type  I  and  II  superconductivity,  and  length  scales 

The  second  distinguishing  feature  of  superconductors  is  the  expulsion  of 
magnetic  flux  from  their  interior.  All  superconductors  become  normal  if  their  critical 
temperatures  or  critical  currents  are  exceeded.  All  will  expel  flux  from  their  interiors 
by  generating  currents  which  circulate  on  the  surface  of  the  material  and  oppose  any 
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change  in  applied  magnetic  field  when  below  the  thermodynamic  critical  field.  This  is 
true  whether  the  superconductor  was  cooled  in  a  magnetic  field  or  not.  There  are 
two  types  of  behavior  observed  in  superconductors  when  the  critical  field  is 
exceeded,  however.  Elemental  metallic  superconductors  exhibit  an  equihbrium 
magnetization  curve  such  as  that  in  Figure  3(a)  and  are  known  as  Type  1 
superconductors.  When  the  critical  field  of  a  Typ)e  I  material  is  exceeded,  it  becomes 
normal.  Type  II  superconductors  tend  to  be  alloys  or  transition  metals  with  short 
electronic  mean  free  paths  in  the  normal  state.  These  materials  are  perfectly 
diamagnetic  up  to  HCj,  the  lower  critical  field.  Above  11^,  magnetic  flux  enter  the 
superconductor,  forming  a  periodic  array  of  vortices  until  HC2,  the  upper  critical 
field,  is  reached  and  the  superconductor  becomes  a  normal  conductor  due  to  vortex 
overlap  [4].  The  equilibrium  magnetization  curve  for  a  Type  II  superconductor  is 
depicted  in  Figure  3(b). 

Ginzburg-Landau  theory  describes  the  change  in  upper  critical  field  with 
temperature.  This  can  be  used  to  calculate  the  coherence  length,  which  is  the 
exponential  decay  length  over  which  the  superconducting  wavefunction  decreases  at 
the  interface  with  a  normal  conducting  region  as  shown  in  Figure  4.  The  equation 
used  to  calculate  q  is  given  below  [10]: 


-dHc2 

dT 


— 

BCS 


_1_ 

Tc 


(10) 


where  Hc2  =  upper  critical  field,  h  =  Planck's  constant/27C  =  1.055  x  10*^7  erg*sec, 
c  =  speed  of  light  =  2.998  x  IQIO  cm/sec,  e  =  electron  charge  =  <:.803  x  lO'lO  esu, 
and  ^ql(O)  =  zero-temperature  Ginzburg-Landau  coherence  length.  The  extent  to 
which  the  magnetic  flux  penetrates  the  superconductor,  i.e.,  the  length  of  the  normal 
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Figure  3.  Magnetization  versus  applied  field  for  (a)  a  Type  I  superconductor,  which 
becomes  normal  as  soon  as  Hq  is  reached,  and  for  (b)  a  Type  II 
superconductor,  which  is  in  a  flux  vortex  state  between  and  and 
then  is  normal  above  Hc2.  The  area  under  both  curves  is  the  same  for  a 
given  He  [4]. 


Figure  4.  Superconductor  coherence  length,  and  normal-phase  penetration  depth, 
X,  at  a  siiperconductor/normal  phase  inicrracc  [9). 
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phase  in  the  superconducting  material,  is  designated  A,,  the  London  penetration 
depth.  This  length  is  depicted  in  Figure  4  and  originates  in  the  following  manner: 

In  a  superconductor,  the  superconducting  electrons  encounter  no  resistance 
and  are  therefore  accelerated  steadily  in  a  constant  electric  field  E; 

m(dv/dt)  =  eE  (11) 

where  v  =  velocity  of  the  superelectrons,  m  =  mass  of  electrons,  and  e  =  charge  of 
electrons.  The  supercurrent  density  J  will  then  be 

J  =  nev  (12) 

where  n  =  the  number  of  superelectrons  per  unit  volume.  Differentiating  (12)  and 
substituting  it  into  (11)  gives 

dJ/dt  =  ne2E/m  (13) 

From  Maxwell's  equations,  if  one  considers  the  displacement  current  to  be  negligible 
in  comparison  to  J  and  if  one  assumes  that  currents  in  the  superconductor  affect  B 
but  not  H,  one  can  write 

curlB  =  poJ  (14) 

substituting  this  into  equation  (13)  gives 

dB/dt  =  (-m/ne^)  curl  dJ/dt  (15) 

It  can  also  be  argued  that 

B  =  (-m/ne^)  curl  J  (16) 

Equations  (13)  and  (16)  are  the  London  equations;  the  former  describes  the 
resistanceless  state  of  the  superconductor,  because  there  is  no  electric  field  inside 
unless  the  current  is  changing,  and  the  latter  describes  the  diamagnetism.  A  result  of 
these  is  that  one  finds  that  if  a  uniform  magnetic  field  of  flux  density  B^  is  applied 
parallel  to  the  surface,  the  flux  density  at  a  distance  x  inside,  B(x),  will  be 
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Equation  (17)  shows  that  the  flux  density  dies  away  exponentially  inside  the 
superconductor.  At  a  distance 


the  flux  density  will  be  1/e  of  its  value  at  the  surface.  The  distance  X  is  referred  to  as 
the  London  penetration  depth  [11].  The  value  of  X  can  be  calculated  knowing  the 
values  of  the  lower  and  upper  cniical  fields  and  the  coherence  length  [12].  The 
coherence  length  and  penetration  depth  are  very  important  parameters  in  Josephson 
junctions.  For  example,  if  the  junction  barrier  exceeds  the  superconducting 
coherence  length,  there  will  not  be  a  supercurrent  across  the  Junction. 
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B.  Josephson  junctions 

1.  Tunneling  phenomena  in  SIS  junctions 

The  barrier  in  a  Josephson  junction  can  be  an  insulating  material  (an  SIS 
junction)  or  a  normal  conducting  material  (SNS  junction).  Superconducting 
materials  which  have  well-defined  gaps  are  used  in  SIS  junctions.  Conduction 
through  the  barrier  of  such  junctions  occurs  by  electron  and  pair  tunneling.  Both 
quasiparticles  and  superconducting  electrons  may  tunnel  if  the  bamer  is  thin  enough 
(15-20  A),  although  the  probability  of  single-particle  tunneling  is  greater  because  the 
matrix  element  for  simultaneous  tunneling  of  two  electrons  will  depend  on  the  square 
of  that  for  single-particle  tunneling.  However,  the  magnitude  of  the  single-particle 
tunneling  current  decreases  exponentially  with  temperature  because  quasiparticles  are 
normal  electrons  and  obey  Fermi-Dirac  statistics.  Cooper-pair  tunneling  is 
independent  of  temperature,  because  there  is  an  infinite  reservoir  from  which  to  draw 
them  due  to  the  Bose-Einstein  condensation.  Consequently,  there  is  a  greater 
probability  of  observing  two-particle  tunneling  at  lower  temperatures  than  at  higher 
ones.  Similarly,  by  reducing  the  barrier  thickness,  the  proportion  of  two-particle  to 
single-particle  tunneling  should  increase  [13]. 

Tunneling  of  electron  pairs  through  a  barrier  was  first  predicted  by  Brian 
Josephson  as  a  graduate  student  in  1962  [14].  He  won  the  Nobel  Prize  in  Physics  in 
1973  for  his  efforts.  The  result  of  that  work  is  that  the  current  density  through  the 
junction  will  be  given  by; 

J  =  JcSin(()  (19) 

where  <j)  is  the  phase  difference  between  the  two  wavefunctions  on  either  side  of  the 
junction.  It  is  important  to  note  that  because  a  maximum  occurs  when  (sin  4))  =  1, 
the  greatest  current  flow  across  the  junction  will  occur  when  the  two  wavefunctions 
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are  out  of  phase  with  each  other  by  tUI.  It  should  also  be  noted  that  this  current 
flow  occurs  without  the  application  of  any  bias  voltage.  If  a  voltage  is  applied,  the 
Cooper  pairs  will  radiate  their  excess  energy  by  becoming  oscillators  [2]. 

By  contrast,  a  bias  voltage  is  necessary  to  cause  quasiparticle  tunneling.  At 
0  K,  all  of  the  electrons  are  superconducting,  and  the  band  diagram  and  density  of 
states  for  two  identical  superconductors  separated  by  a  thin  insulator  is  shown  in 
Figure  5.  If  a  voltage  is  applied  to  the  system,  there  will  be  no  current  flow  until  the 
voltage  difference  is  as  large  as  the  gap  itself,  when  quasiparticles,  which  are  formed 
from  the  splitting  of  Cooper  pairs,  can  tunnel  from  the  "valence"  band  (condensed 
superelectron  states)  shown  on  the  left  in  Figure  6  into  the  available  states  of  the 
"conduction"  band  (excited  quasiparticle  states)  on  the  right.  There  will  then  be  a 
sharp  rise  in  current,  as  shown  in  the  I-V  characteristic  in  Figure  7.  The  vertical  line 
at  zero  voltage  depicts  the  critical  current  due  to  Cooper  pair  tunneling.  At  finite 
temperatures,  there  will  be  some  thermally  excited  electrons  which  can  tunnel  into 
empty  states  when  some  voltage  lower  than  the  gap  voltage,  2A/e,  is  applied.  The 
quasiparticle  I-V  curve  then  has  some  curvature,  as  shown  in  Figure  8. 

If  the  two  superconductors  have  different  gaps,  such  as  those  in  Figure  9(a), 
the  behavior  is  altered.  At  thermal  equilibrium  and  some  finite  temperature,  there 
will  be  some  thermally  excited  electrons  (quasiparticles)  on  either  side  of  the 
insulator,  although  there  will  be  more  in  superconductor  1  (left  side)  because  it  has  a 
smaller  gap.  An  applied  voltage  will  cause  a  current  to  flow,  and  more  thermally 
excited  electrons  in  superconductor  1  will  tunnel  across  to  available  states  in 
superconductor  2.  This  occurs  until  the  applied  voltage  is  equal  to  (A2  -  Ai)/e 
(Figure  9(b)),  when  the  current  begins  to  decrease-  because  the  number  of  electrons 
capable  of  tunneling  is  unchanged  but  the  density  of  available  states  is  lower.  When 
the  voltage  becomes  equal  to  (Aj  4-  A2)/e,  however,  as  in  Figure  9(c),  current  begins 
to  increase  rapidly,  because  electrons  below  the  gap  can  begin  to  tunnel.  The  I-V 
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Figure  5.  (a)Energy  band  diagram  for  two  identical  superconductors  separated  by  a 
thin  insulator,  (b)  Density  of  states  for  the  superconductor  [2]. 


Figure  6.  Energy  band  diagram  for  two  identical  superconductors  and  an  insulator 
with  an  applied  voltage  of  2A/e  [2]. 
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Figure  7. 1-V  characteristic  for  an  SIS  Josephson  junction  at  T=0  [15]. 


Figure  8.  I-V  characteristic  for  an  SIS  Josephson  junction  at  T>0  [2]. 
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Figure  9.  Energy  band  diagram  for  tv 
insulator  at  (a)  V=0  (b)  V= 


characteristic  for  this  system  is  shown  in  Figure  10. 


2.  Circuit  analog 


When  a  resistor  is  placed  in  parallel  with  an  SIS  junction,  the  circuit  will  have 
the  same  I-V  curve  as  an  SNS  junction  (see  Figure  11).  The  circuit  equivalent  of 
these  constitutes  the  RSJ  model  (resistively-shunted  junction)  which  has  a  current 
given  by 

I  =  Icsintj)  +  GV  +  C(dV/dt)  (20) 

and  is  shown  in  Figure  12.  The  mechanical  analog  of  this  model  is  that  of  a  swinging 
pendulum.  The  torque  on  the  pendulum  is  analogous  to  the  current  flow  through  the 
junction.  The  critical  current  of  the  junction  is  similar  to  the  gravitational  force 
which  drives  the  pendulum,  the  capacitance  can  be  compared  to  a  moment  of  inertia 
which  determines  response  time,  and  the  resistance  acts  as  a  damping  constant  in  a 
viscous  medium.  When  the  pendulum  is  at  90°  from  the  vertical  position,  there  is 
enough  torque  on  it  to  flip  it  over,  which  is  analogous  to  switching  voltage  states 
from  "0"  to  "1". 

3.  SNS  junctions 

Conductivity  through  an  SNS  junction  occurs  by  the  proximity  effect,  in  which 
superconductivity  is  induced  in  the  normal  conducting  material  by  the  supercon¬ 
ducting  electrodes  on  either  side.  The  barrier  must  be  thin  enough  so  that  overlap  of 
the  wavefunctions  occurs.  A  schematic  of  the  variation  of  the  wavefunction  through 
the  SNS  junction  is  shown  in  Figure  13.  The  decay  length  of  the  superconducting 
wavefunction  in  the  normal  region,  denoted  is  inversely  proportional  to  the 
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Figure  10. 1-V  characteristic  for  two  different  superconductors  separated 
by  a  thin  insulator.  There  is  a  negative  resistance  region  for 
(A2  -  Ai)/2e  <  V  <  (Ai  +  A2)/2e  [2]. 


Figure  1 1.  I-V  characteristic  for  an  SNS  Jo.sephson  junction  [16]. 


Figure  12.  The  circuit  equivalent  for  a  Josephson  junction  [17], 


Figure  13.  Schematic  of  the  spatial  dependence  of  and  vs.  the  superconducting 
wavefunction  for  an  SNS  junction  [18]. 
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resistivity  of  the  normal  region,  so  it  is  desirable  to  use  highly  conductive  materials 
for  the  barrier.  This  allows  the  use  of  a  thicker  barrier. 

4.  Magnetic  field  effects 

Josephson  junctions  are  characterized  with  respect  to  their  overall  dimensions 
as  being  "short"  or  "long".  Short  means  that  the  junction  is  small  enough  that  the 
current  is  uniform  across  the  junction  and  there  are  no  self-field  effects.  In  a 
junction,  the  critical  current  density  tends  to  be  on  the  order  of  10^  A/cm^,  as 
opposed  to  10^  A/cm2  in  films.  A  larger  area,  with  linear  dimensions  exceeding  the 
Josephson  penetration  depth,  is  needed  to  obtain  a  high  enough  current  across  the 
junction  to  nucleate  a  vortex.  This  will  occur  in  long  junctions  or  if  a  magnetic  field 
is  applied  to  short  junctions.  In  the  latter  case,  the  maximum  current  will  have  the 
form  [19]: 


i  =  Ic 


sin  71- 


On 


K- 


Oo 


(21) 


where  Oj  =  flux  through  the  junction  and  Oq  =  a  flux  quantum  =  TtAc/e  =  2.1  x  10'^ 
gauss  cm\  The  current  density  distribution  for  varying  applied  magnetic  fields  across 
a  short  junction  is  shown  in  Figure  14,  and  the  resulting  junction  response  of  current 
vs.  applied  field  is  shown  in  Figure  15.  The  latter  is  analogous  to  a  single  slit, 
Fraunhofer  diffraction  pattern.  A  long  Josephson  junction  will  incur  self-field  effects, 
which  will  introduce  Josephson  vortices.  These  vortices  are  distinguished  from 
Abrikosov  vortices  in  that  they  do  not  possess  normal  cores,  but  the  supercurrent  in 
their  centers  is  zero  and  they  do  dissipate  energy  when  they  move.  The  current 
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Figure  14.  The  current  density  distribution  for  a  single,  short  Josephson  junction  with 
an  applied  magnetic  field.  The  current  density  is  maximized  in  each  case. 
Oj  is  the  flux  in  the  junction,  <t>Q  a  flux  quantum,  d  the  length  of  the 
junction,  and  (p  the  phase  difference  ( 19]. 
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Figure  15.  Current  vs.  applied  magnetic  field  response  of  a  single,  short  Josephson 
junction  with  no  self-fields  [19]. 
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Figure  16.  Current  vs.  magnetic  field  response  of  a  SQUID  [19]. 
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distribution  shown  in  Figure  14(d)  is  similar  to  that  in  a  long  Josephson  junction, 
although  there  would  be  more  nodes  and  regions  of  reversed  current,  so  that  the 
circuit  equivalent  would  be  one  of  many  Josephson  junctions  in  parallel.  Such  a 
configuration  simulates  the  behavior  of  a  SQUID  (superconducting  quantum 
interference  device)  loop,  which  has  the  same  current  density  no  matter  how  many 
integral  multiples  of  a  flux  quantum  are  present  in  the  loop.  This  is  because  the 
maximum  supercurrent  is  a  periodic  function  of  the  magnetic  flux  and  is  given  by: 


i  max  —  ‘2.1c\ 


cos(— — ) 
00 


(22) 


A  superconductor  with  a  hole,  upon  being  cooled  in  a  magnetic  field,  will  have 
currents  which  circulate  around  the  periphery  of  the  hole  in  the  opposite  direction  of 
those  on  the  outer  surface  of  the  superconductor.  The  superconducting  loop  will 
have  no  flux  in  its  interior,  but  flux  will  be  trapped  in  the  hole  when  the  field  is  turned 
off  This  is  how  a  flux  quantum  is  introduced  into  a  superconducting  loop  such  as  a 
SQUID,  which  causes  the  device  to  switch  from  a  0  to  a  1  voltage  state.  The 
trapped  flux  is  always  an  integral  multiple  of  a  flux  quantum  irrespective  of  the  initial 
value  of  the  applied  field  [20].  The  current  vs.  magnetic  field  response  for  such  a 
junction  is  shown  in  Figure  16. 


5.  Applications 


Josephson  junctions  have  switching  times  typically  in  the  picosecond  range, 
which  is  three  orders  of  magnitude  faster  than  standard  CMOS  (semiconductor) 
devices.  In  addition,  superconducting  devices  pass  current  at  millivolt  levels  as 
compared  with  the  several  volts  required  for  semiconducting  devices.  This  1000:1 
voltage  ratio  means  that  semiconductor  circuits  require  thousands  of  times  more 
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power  to  operate,  which  not  only  costs  more  but  also  creates  a  great  deal  of  heat, 
which  is  a  major  concern  in  densely-packed  circuits.  Superconductors  dissipate  less 
heat  and  are  operated  at  much  lower  temperatures,  thus  offering  the  advantage  of 
closer  proximity  on  a  circuit  board.  Their  lack  of  resistance  and  operation  at  lower 
temperatures  results  in  less  electronic  noise  than  that  found  for  semiconductors. 
However,  because  of  the  higher  levels  of  integration  of  sihcon  technology  (there  are 
100  times  more  active  devices  in  silicon  microprocessors  as  in  Josephson  ones)  as 
well  as  the  lack  of  a  credible  superconducting  memory  [21],  it  would  be 
advantageous  to  integrate  the  two  technologies,  by  fabricating  hybrid  systems 
(superconducting  device/semiconducting  memory)  as  well  as  hybrid  circuits 
(Josephson  junction/CMOS).  This  has  been  demonstrated  for  superconducting  flux 
flow  devices  used  as  read-outs  for  CMOS  memory  cells,  for  which  a  4.5-ns  access 
time  was  obtained  [22]. 

Applications  for  Josephson  Junctions  include  both  analog  and  digital 
technologies  (as  well  as  A/D  converters  and  as  a  basis  for  the  standard  volt).  Digital 
technology  includes  latching  logic  (0  or  1  voltage  output)  as  shown  for  SIS  and  SNS 
junctions  in  Figure  17  and  also  single-flux  quantum  logic,  which  is  used  in  SQUID 
loops  (for  shift  registers,  magnetometers,  magnetoencephalography,  etc.).  It  also 
includes  MVTL  (modified  variable  threshold  logic),  which  is  used  in  shift  registers, 
and  .SAIT.  (Series  Array  Interferometer  logic).  Analog  applications  of 
superconductors  include  mixers,  in  which  two  frequencies  applied  to  a  nonlinear  I-V 
curve  will  generate  harmonics  at  sum  frequencies,  allowing  conversion  and  detection 
of  radiation,  as  in  radio  astronomy;  oscillators;  x-ray  detectors;  and  bolometers, 
which  are  thermometers  based  on  changes  in  resistance  as  a  function  of  temperature. 
Superconductive  components  are  also  used  in  microwave  circuits,  as  antennas,  and  in 
transmission  and  delay  lines  because  of  their  small  losses  [24]. 
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Figure  17.  (a)I-V  characteri.silic  of  an  SIS  Josephson  junction,  showing  "zero"  and 
"one"  states  [23]  (b)I-V  characteristic  of  a  SQUID  loop  for  integer  and 
half-integer  multiples  of  the  flux  quantum  in  the  loop,  showing  "zero"  and 
"one"  states  [  16], 
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Chapter  H.  Literature  Review 


A.  Historical  background  of  superconductivity 


Superconductivity  was  first  observed  by  Heike  Kamerlingh  Onnes  in  1911.  He 
used  bquid  helium,  which  he  was  the  first  to  Uquefy  in  1908,  to  cool  mercury  to 
4.2  K  and  observed  a  disappearing  resistance.  To  his  surprise,  the  resistance 
disappeared  altogether  (or  to  within  experimentally  determinable  values  of  zero 
resistance).  The  next  year,  he  discovered  superconductivity  in  tin  (at  3.7  K)  and  lead 
(7.2  K).  Work  was  continued  until  it  was  found  that  over  one-fourth  of  the  elements 
superconduct.  Niobium  was  found  to  have  the  highest  Tc  of  9.5  K  among  elemental 
superconductors  [4]. 

With  the  subsequent  synthesis  of  superconducting  alloys,  of  which  there  are 
now  thousands,  niobium  compounds  were  regarded  with  a  great  deal  of  interest 
because  of  the  high  Tc  of  the  element.  In  1930,  Walther  Meissner  found 
superconductivity  above  10  K  in  NbC.  Superconductivity  in  NbN  at  16  K  was  first 
reported  in  1941.  As  the  number  of  known  superconducting  alloys  increased,  Bemd 
Matthias  developed  a  set  of  empirical  rules  from  compounds  synthesized  in  the 
1950's  and  found  that  the  number  of  valence  electrons  in  the  atoms  of  the  material 
was  very  significant.  Materials  with  averages  of  five  and  seven  electrons-per-atom 
resulted  in  the  highest-temperature  superconductors  [25].  The  combination  of  this 
knowledge  with  the  observation  that  certain  high-symmetry  crystal  structures,  such 
as  the  "A  15"  structure,  shown  in  Figure  18,  exhibited  higher  T^'s,  led  to  a  great  deal 
of  activity  in  the  1960’s  and  1970's  to  optimize  alloy  chemistry.  This  led  scientists  to 
break  the  20  K  limit,  which  allowed  the  use  of  liquid  hydrogen  rather  than  liquid 
helium  as  a  coolant.  In  1973,  a  NbsGe  thin  film  was  synthesized  by  John  Gavaler  of 
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Figure  18.  The  A15  crystal  structure  for  A3B  compounds  [26]. 

Westinghouse  using  sputtering  [27].  This  compound  becomes  superconducting  at 
23  K,  and  it  remained  the  highest-Tc  superconductor  until  1986. 

It  was  in  that  year  that  a  Tc  of  35  K  was  obtained  by  Johannes  Bednorz  and 
Karl  Muller  in  Lai.85Bao.l5Cu04.  This  created  quite  a  stir,  but  the  subsequent 
discovery  by  C.W.  Paul  Chu  and  coworkers  in  January  1987  that  YBa2Cu307 
became  superconducting  at  93  K,  above  the  liquefication  temperature  of  nitrogen,  led 
to  an  explosion  of  new  and  renewed  interest  in  the  field.  Transition  temperatures 
were  then  raised  to  110  K  with  Bi2Sr2Ca2Cu30io  and  125  K  with 
Tl2Ba2Ca2Cu30iO-  Recently,  superconductivity  at  250  K  in  a  multilayer 
Bi-Sr-Ca-Cu-0  compound  with  eight  Cu02  layers  in  each  building  block  was 
announced  [28].  A  drop  in  resistivity  at  250  K  was  seen  as  well  for  two 
HgBa2Can.iCun02n+2+d  compound.s,  Hg-1223  and  Hg-1245,  implying  that  they  or 
another  phase  present  may  become  superconducting  at  this  temperature  [29]. 

During  the  search  for  new  superconducting  compounds  with  higher  transition 
temperatures,  studies  of  the  oxides  became  prevalent.  The  oxide  superconductors 
with  Tp's  below  15  K,  which  were  mo.stly  discovered  between  1964  and  1975,  are 
listed  in  Table  1.  The  BaBii.xPbx03  .system  is  the  most  notable  of  those  listed. 
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Table  I.  Oxide  Superconductors  with  below  15  K  [29] 


Oxide  superconduaors  wirh  below  1  5  K* 


Compound 

r,(K) 

Synthesis  method 

NbO 

1.4-1. 6 

Normal 

TiO 

0. 7-1.1 

Normal 

SrTi03_, 

0-0.5 

Normal 

Nao  j  WO3  (tetragonal) 

0.5 

Normal,  electrodeposition 

Nao.2  WO3  (tetragonal) 

3.0 

Normal,  electrodeposiiion 

Cao.i  WO3  (hexagonal) 

3.4 

Normal 

Sfn  on  WO3  (hexagonal) 

4.0 

Normal 

Ba;,  ,4  WO3  (hexagonal) 

2.2 

Normal 

lOo ,  1  WO3  (hexagonal) 

2.8 

Normal 

Tin  30  WOj  (hexagonal) 

2.1 

Normal 

*<o,)o  WO,  (hexagonal) 

5.7 

Demiercalaiion 

Rbo,3o  WO,  (hexagonal) 

6.G 

Demiercalaiion 

Cso,3o  WO,  (hexagonal) 

4.8 

Deintercalaiion 

l-io.30  WO,  (hexagonal) 

2  2 

Normal 

Na^WOj  (hexagonal) 

5,4 

Normal 

(NHalo  33  VV03(hexagonal) 

3.2 

Normal 

K4  M0O3  (tetragonal) 

4 

High  pressure 

K^Re03  (hexagonal) 

3.6 

High  pressure 

LIq  g  M0(,  0 ,7 

_  2 

Normal 

LIq  45  NbOj 

5.5 

Deintercalation 

Ag7O0A'  (^=N03,  HFj,  CIO4.  BF 

.,1  1 .4 

Electrodeposition 

LiTijOg 

13.7 

Normal 

BaBi,_.  Pb,03 

13 

Normal 

'Superconductors  with  an  o>vgen-io-meial 

^ai'O  o(  less  than  i  arc  not  listed. 
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Studies  of  this  compound  by  Arthur  Sleight  and  coworkers  showed  that 
superconductivity  existed  in  the  Pb-rich  composition  range  0.05  <  x  <  0.3  in 
BaPbi-xBix03  (BPBO)  [31].  The  maximum  Tc  of  ~13  K  was  obtained  near 
X  =  0.25.  A  metal-semiconductor  transition  was  observed  near  x  =  0.35. 

Electronic-structure  calculations  [32]  explain  the  semiconducting  behavior  of 
BaBiOs  and  how  Pb  doping  increases  conductivity.  Further  calculations  [33] 
indicated  that  this  semiconductor-like  gap  could  be  suppressed  as  well  by  doping 
substitutionally  on  the  Ba  rather  than  Bi  sites.  Studies  were  done  with  a  combination 
of  K  and  Pb  doping  [34]  but  only  resulted  in  Tc's  of  -12  K.  Some  very  important 
observations  were  made  as  a  result  of  these  experiments,  however.  The  authors 
pointed  out  the  following,  for  example,  for  BPBO  and  other  superconductors  with 
alkaline  or  alkaline  earth  constituents; 

(1)  superconductivity  occurs  only  over  a  limited  range  of  x  (as  in  BaPbi-xBixOs), 

between  a  conducting  and  semiconducting  phase 

(2)  Tc  increases  rapidly  as  x  approaches  the  semiconducting  phase  boundary  and 
disappears  abruptly  beyond  the  phase  boundary 

(3)  all  of  the  compounds  have  atoms  occupying  octahedral  sites  with  six  oxygen 
nearest  neighbors. 

These  observations  established  pnnciples  which  were  considered  in  further 
exploration  of  possible  superconducting  compounds  and  indeed  were  found  to  be 
true  for  BKBO  as  well. 

Emphasis  was  then  placed  on  substituting  alkali  metals  for  Ba.  Superconduc¬ 
tivity  was  subsequently  observed  with  transitions  of -15  K  for  Bao.9Rb0.2Bi03  and 
-20  K  for  Bao.9Ko.2Bi03  [35].  Yet  higher  Tc's  in  these  compounds  were  predicted 
[36]  and  observed  (Tc  onset  -30  K)  in  the  latter  (BKBO)  [37]. 
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B.  Historical  background  of  Josephson  Junction  development 

Tunneling  in  junctions  was  first  observed  by  Ivar  Giaever  in  1960  [38].  He 
received  the  Nobel  Prize  in  Physics  in  1973  for  his  efforts.  The  first  tunnel  junction 
with  A1  and  Pb  electrodes  was  fabricated  in  1960  [39],  and  SIS  tunneling  with  tin 
and  lead  electrodes  was  demonstrated  in  1963  [40].  These  low-temperature 
superconducting  materials  were  used  to  fabricate  early  SIS  edge  junctions.  This 
geometry  was  chosen  to  address  the  need  to  decrease  junction  area  and  hence  lower 
capacitance.  A  small  capacitance  is  necessary  to  increase  switching  speed  and  to 
eliminate  hysteresis  from  the  I-V  curve  for  fast,  nonlatching  logic  and  magnetometry 
applications.  Several  combinations  of  materials  were  studied  in  the  edge 
configuration.  An  Sa/Ge/Pb  system  resulted  in  junctions  with  a  critical  current 
density  of  10^  A/cm^  [41].  A  silicon  substrate/Si02/Nb/  Nb205/Pb  junction  yielded 
2x10*^  A/cm^  [42],  and  the  In/InOx/Pb  system.  10^  A/cm^  [43].  Nb/A1203/Pb-Bi 
junctions  resulted  in  10^  A/cm^  [44],  and  Nb/Nb  oxide/Pbln  [45]  junctions,  3x10^ 
A/cm^. 

The  later  discovery  of  oxide  superconductors  such  as  YBCO  afforded  the 
opportunity  to  use  higher-temperature  superconductors  as  the  electrodes  of  .the 
junction.  The  use  of  normal-conducting  materials  as  the  barrier  allows  the  use  of  a 
thicker  barrier  and  is  possible  with  the  advent  of  nonhysteretic  logic,  such  as  single¬ 
flux  quantum  logic,  which  has  a  rapid  response  time.  The  edge  configuration  in  this 
case  is  not  only  desirable  for  lowering  capacitance  but  also  for  taking  advantage  of 
the  longer  coherence  lengths  in  the  a  and  b  directions  of  c-axis-oriented  YBCO  (or 
other  high-Tc  oxide)  films.  This  configuration  is  ihown  in  Figure  19. 

YBCO  is  presently  believed  by  the  superconductivity  community  to  be  the  most 
desirable  material  for  edge  junctions.  YBCO  edge  junctions  with  the  following 
barriers  have  been  studied;  plasma-treated  YBCO  [46],  plasma-damaged,  normal 


33 


GRAIN  BOUNDARY  WEAK  LINKS 


(a) 


Grain  boundaries 
formed  at  step 


(b) 


Substrate  or  buffer-layer 
grain  boundary 


PLANAR  S-N-S 


(e) 


"POISON  STRIPE"  WEAK  LINKS 
Ion  implant 

ir  ^  "e-axis’* 

HTS  filn^ 


(g) 


S-S’-S  NANOBRIDGES 

20  nm  X  20  nm 
X  20  nm  bridge 


e-beam  scan 
20-nm  wide 


c-axis 


(f) 


1  1 

(h) 


TRILAYER  S-N-S  EDGE  S-N-S 


Barrier 


Figure  19.  Schematic  ol  variou.s  types  of  SNS  and  SS'S  Josephson  junctions 
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YBCO  [47],  MgO  [48],  PrBa2Cu307.§  (PECO)  [49],  CaRu03  [50],  Y2O3  [51], 
SrRu03  [52],  and  Lao  5Sro  5C0O3,  Laj  4Sro.6Cu04,  Yo.7Cao.3Ba2Cu307.x 
(CaA^CO),  and  YBa2Cu2.79Coo.2l07-x  (CoAfBCO)  [53], 

Other  junction  configurations  which  exist  are  grain-boundary  junctions,  in 
which  a  grain  boundary  is  formed  at  a  step  or  discontinuity  in  a  substrate,  planar 
SNS,  in  which  the  barrier  is  deposited  in  a  break  in  the  superconducting  film,  or 
"poison  stripe"  weak  links,  in  which  the  barrier  region  is  a  doped  or  ion-implanted 
one,  and  trilayer  junctions. 

BKBO  junctions  have  been  fabricated  with  YBCO  base  electrodes  and  a 
natural  [54]  or  artificial  [55]  insulating  barrier.  BKBO  SIS  trilayer  junctions  have 
been  produced  using  BaBi20y  [56],  KNb03  [57],  SrTi03  [58],  and  MgO  [59] 
barriers.  Bicrystal  junctions  which  introduce  a  grain  boundary  between  the 
electrodes  have  been  studied  [60],  and  an  Au/BKB0/SrTi03(Nb)  superconducting- 
base  transistor  has  been  fabricated  [61].  Most  of  these  junctions,  however,  are 
highly  resistive  and  exhibit  leakage.  The  challenge  with  all  of  these  materials  is  to 
fabricate  junctions  reproducibly. 

C.  Introduction  to  BKBO  properties 
1.  Structure 

As  an  oxide  possessing  a  perovskite  structure,  BKBO  is  similar  to  other  high- 
Tc  superconductors.  Common  among  BKBO  and  the  other  high-temperature 
superconductors  is  an  extreme  sensitivity  of  the  materials  to  oxygen  stoichiometry 
[62][63].  The  superconducting  phase,  however,  is  cubic,  thus  making  BKBO  similar 
to  the  isotropic  lower-Tc  superconductors  such  as  the  Nb  compounds.  Its  parent 
structure  is  BaBiOs,  and  the  superconductor  contains  potassium  which  occupies  the 
barium  sites  in  the  structure  shown  in  Figure  20.  Superconductivity  occurs  only  in 
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Temparature  (K) 


Figure  21.  "Phase"  diagram  for  Bai.xKxBi03  as  a  function  of 
potassium  content,  x  [65]. 
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the  cubic  perovskite  phase  (with  a  space  group  of  Pm  3  m)  which  exists  for 
0.37  <  X  <  0.5  in  Bai-xKxBiOs  [65].  A  structural  "phase"  diagram  of  crystal 
structures  present  as  a  function  of  temperature  and  K  content  is  shown  in  Figure  21. 
Each  phase  is  a  derivative  structure,  so  the  transitions  represent  higher-order  ones. 
The  diagram  shows  that  too  little  potassium  results  in  an  orthorhombic  Ibmm  phase, 
whereas  too  much  causes  a  second  phase,  KBi02,  to  precipitate  [66] [67].  Figure  22 
shows  how  the  monoclinic  BaBi03  with  tilted  Bi06  octahedra  becomes  cubic  for 
2^0.6^0.48103. 

The  x-ray  diffraction  pattern  of  polycrystalline  BKBO  is  shown  in  Figure  23. 
This  compound  has  not  been  widely  studied  and  there  is  little  information  available 
on  its  basic  properties.  There  was  no  JCPDS  card  and  it  was  therefore  necessary  to 
generate  the  stucture  factor  calculations  as  detailed  in  Appendix  I. 

It  has  been  found  that  the  lattice  parameter  of  Bao.6Ko.4Bi03  at  295  K  is 
4.283  A  [65].  The  same  authors  have  determined  that  the  lattice  parameter  scales 
linearly  with  potassium  content,  as  shown  in  Figure  24.  From  this  diagram,  one  can 
see  that  in  the  range  of  x=0.37  to  x=0.5  the  lattice  parameter  varies  from  4.289  A  to 
4.270  A,  respectively.  It  is  helpful  to  use  the  lattice  parameter  determined  from  x-ray 
diffraction  data  to  predict  the  pxDtassium  content  as  an  indication  of  whether  the  film 
may  be  superconducting.  This  prediction  is  not  necessarily  straightforward, 
however,  because  lattice  parameter  changes  with  oxygen  content  as  well  [70] [71].  If 
one  considers  the  stoichiometry  Bai-xKxBi03-5,  it  has  been  found  [70]  that  the 
lattice  parameter  of  Bao.6Ko.4Bi03-5  changed  by  0.0276  A,  a  0.64  %  expansion, 
upon  changing  5  from  0.121  to  0.464,  which  is  an  11.9  %  reduction  in  oxygen 
content.  The  change  in  lattice  parameter  may  not  seem  significant,  but  the  difference 
between  the  lattice  parameters  at  limiting  stoichiometries  of  the  Pm  3  m  phase,  which 
are  4.270  A  and  4.289  A,  is  only  0.44  %.  This  means  that  a  slight  deficiency  in 
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Figure  22.  Crystal  structures  of  several  compounds  in  the  BKBO  series.  The  figures 


below  them  show  the  tilting  of  the  Bi05  octahedra  [68]. 
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Angle  (2©) 

Figure  23.  X-ray  diffraction  powder  pattern  of  BKBO.  Inset  shows  ac  susceptibility 
of  the  sample  [69]. 
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Figure  24.  Pseudocubic  lattice  parameter  change  a.s  a  function 
of  potas.sium  content,  [65], 
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oxygen  content  could  cause  the  films  to  be  non-superconducting.  This  stresses  the 
importance  of  a  post-anneal  in  02-  It  is  felt  that  it  is  better  to  add  the  excess  oxygen 
later  rather  than  during  deposition,  so  that  enough  potassium  is  incorporated.  This  is 
in  order  to  maintain  charge  balance;  if  the  average  Bi  charge  is  not  to  exceed  +4,  the 
K  can  only  enter  the  compound  if  there  are  oxygen  vacancies  present  [72]. 

2.  Pairing  mechanism 

Tunneling  measurements  by  tunneling  spectroscopy  [73],  in  SIN  junctions 
[74][75][76][77],  and  SIS  point-contact  junctions  [78][79]  have  demonstrated  a 
superconducting  energy  gap  with  a  low  density  of  electronic  states  below  the  gap 
energy.  The  observation  of  the  gap  has  led  to  the  calculation  of  2A/kTc,  which  has 
yielded  values  of  3. 7-4.0  [73][74][76][80][81][82].  These  values  are  indicative  of 
moderate-to-strong  coupling.  It  is  believed  by  many  that  the  pairing  reflects 
electron-phonon  coupling,  which  has  been  substantiated  by  the  results  ot  a  number  of 
different  measurements.  Electron  -  phonon  coupling  is  indicated  by  the  relatively 
high  values  of  the  exponent  a  obtained  in  measurements  of  the  oxygen  isotope  effect 
[83][84][85][86].  Tunneling  spectroscopy  results  [80]  link  optical  phonons  to 
superconducting  electrons,  as  does  Raman  spectroscopy  [87],  and  the  softening  of 
oxygen  phonon  modes  associated  with  the  doping  of  BaBi03  by  potassium  (and  the 
consequent  change  in  charge)  [88]  also  points  to  this  conclusion.  Similarly,  the  gap 
measured  by  infrared  reflectivity  [89]  is  consistent  with  moderate  coupling  in  BCS 
theory,  and  the  oxygen  atom  vibrations  observed  by  x-ray  diffraction  techniques 
indicate  strong  electron-phonon  coupling  [68][90].  The  change  seen  in  the  isotropic 
thermal  parameter  at  the  superconducting  transition  [91]  as  well  as  specific  heat 
measurements  [92]  [93]  [94]  show  this,  as  does  the  observation  of  a  structural 
transformation  at  the  same  composition  as  an  electronic  one  to  a  superconducting 
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phase  [65].  Calculated  electron-phonon  coupling  strengths  are  in  agreement  with 
experimental  observations  [95]  [96]  [97] [98] [99]. 

3.  Electronic  structure 

It  is  surprising  that  BKBO  has  such  a  high  compared  to  other  BCS-like 
superconductors  because  of  its  low  density  of  states  at  the  Fermi  energy  [100]. 
According  to  BCS  theory,  the  transition  temperature  is  exponentially  proportional  to 
the  number  of  states  at  the  Fermi  level.  The  band  structure  of  BKBO  is  shown  in 
Figure  25.  It  can  be  seen  from  this  band  diagram  that  the  Fermi  level  cuts  through 
the  uppermost  band  of  a  ten-band  Bi(6s)-0(2p)  complex.  The  uppermost  band  is 
parabolic  and  therefore  free-electron-like;  such  symmetry  around  the  F,  or  center, 
point  of  the  Brillouin  zone  indicates  an  s-like  character.  The  flat,  low-lying  bands 
correspond  to  Ba  5p  states,  while  the  unoccupied  bands  at  the  top  are  those  of  Ba  5d 
and  Bi  6p  states  [36]. 

A  more  simplified  version  of  the  diagram  for  Bi203  is  shown  in  Figure  26.  In 
this  diagram,  it  can  be  seen  that  the  O  2p  band  can  be  considered  the  valence  band 
and  the  Bi  6p  band,  the  conduction  band,  although  it  should  be  noted  that  these 
bands  all  contain  hybnd  orbitals.  The  positions  in  energy  of  these  bands  with  respect 
to  each  other  is  dependent  on  the  Bi-O  distance.  As  this  distance  decreases,  the 
metal  levels  increase  in  energy  relative  to  the  oxygen  levels.  Thus  when  electrons  are 
removed,  as  in  KBi03,  the  Bi-O  distance  decreases  and  the  Bi  6s  band  lies  just  above 
the  O  2p  band  and  the  Fermi  level.  In  BaBi03,  however,  only  half  of  the  Bi  6s  band 
is  above  the  Fermi  level  [101].  This  is  due  to  the  disproportionatior  in  BaBi03.  A 
simple  charge  balance  will  show  that  the  effective  charge  of  Bi  must  be  +4.  The 
electronic  configuration  of  this  element,  however,  is  Xe4fl45dl06s26p3.  A  valence 
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Figure  26.  Schematic  ofdcn.suy  of  states  for  31303  1 101  ]. 
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of  44  for  Bi  would  lead  to  a  very  undesirable  6s  ^  state.  It  is  therefore  energetically 
favorable  for  charge  neutrality  to  be  maintained  by  Bi  assuming  the  charges  of  4-3 
and  4-5,  so  this  compound  can  actually  be  written  Ba{0.5Bi'*'30.5Bi+^  }03.  The  band 
structure  for  this  compound  has  the  Bi  6s  band  at  the  Fermi  level,  and  this  band  has 
split  due  to  the  two  different  Bi-0  distances.  The  Bi'^’^-O  distance  in  BaBi03  is 
2.31  A,  while  the  Bi+^-O  distance  is  2.12  A  [102].  The  Bi+3  half  of  the  Bi  6s  band 
is  below  the  Fermi  level,  whereas  the  Bi"*"^  half  is  above.  BaBi03  therefore  exhibits 
a  gap;  conduction  will  occur  if  the  reaction  Bi"*"^  4-  Bi"*"^  — >  Bi"*^  takes  place  [101]. 
Doping  is  necessary  for  the  effective  charge  to  change.  When  potassium  is  added, 
the  compound  is  depleted  of  electrons  because  ions  occupy  Ba+2  sites.  At  the 
composition  Bao  4Bi03,  for  example,  the  effective  charge  on  Bi  is  4.4,  so  with 
increasing  K  concentration,  the  Bi  valence  approaches  4-5.  This  closes  the  energy 
band  gap  and  increases  conduction. 

The  oxidation  of  Bi+3  to  Bi"^^  upon  addition  of  K  has  been  demonstrated 
experimentally  [103].  This  result  would  lead  one  to  believe  that  the  electrons  freed 
as  a  result  of  this  oxidation  would  then  be  available  for  conduction.  Hall  Effect 
measurements  have  determined  BKBO  to  indeed  be  n-type  [85][104][105][106] 

[107] ,  which  indicates  that  electrons  rather  than  holes  are  responsible  for  conduction. 

4.  Transition  temperature 

The  highest  onset  transition  temperature  obtained  for  bulk  BKBO  is  34  K 

[108] .  This  allows  devices  made  with  BKBO.  which  would  be  operated  at  ~  15  K,  to 
be  cooled  by  convenient  closed-cycle  helium  refrigeration,  in  which  He  gas  is 
recondensed  rather  than  requiring  an  endless  supply  of  expensive  liquid  helium. 
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It  has  been  found  [107][109][1 10]  that  Tc  increases  with  increasing  pressure 
up  to  15  kbar,  but  this  trend  only  occurs  up  to  a  point,  and  then  there  is  a  downward 
slope  as  the  Tc  of  the  material  at  zero  pressure  increases  [111]. 

The  highest-Tc  thin  films  thus  far  have  been  deposited  by  off-axis  rf  magnetron 
sputtering  with  zero-resistance  transition  temperatures  of  29.2  K  [112].  Laser 
ablation  has  been  used  in  growing  28  K  -  Tc  films  [76]  and  27.5  K  -  Tc  films  [113]. 
The  maximum  Tc  will  be  obtained  at  a  potassium  composition  of  x=0.37  and  Tc  then 
decreases  with  increasing  x  as  shown  in  Figure  27. 

5.  Resistivity 

The  resistivity  of  a  polycrystalline  BKBO  sample  fabricated  by  the  powder-in- 
a-tube  method  with  an  onset  Tc  of  32  K  was  -16,000  pQ  cm  just  above  the 
transition  [114],  This  sample  had  a  very  broad  (10  K)  transition,  however,  and  may 
therefore  have  been  rather  inhomogeneous.  Another  melt-processed,  highly-dense 
sample  had  a  normal-state  resistivity  of  12,000  pH  cm  [115].  Yet  another  sample 
was  estimated,  from  thermal-conductivity  data  and  the  application  of  the 
Wiedemann-Franz  law,  to  be  120  pii  cm  [93].  The  Wiedemann-Franz  law  states 
that  for  metals,  the  ratio  of  the  thermal  conductivity  to  electrical  conductivity  is 
directly  proportional  to  the  temperature  [1 16],  i.e.,  K/ct  =  7t^/3(k/e)“T. 

Metallic  behavior  is  not  always  observed  in  BKBO  superconducting  thin  films. 
There  is  often  a  rise  in  resistivity  with  decreasing  temperature  in  the  normal  state, 
indicating  semiconductor-like  behavior.  It  is  felt  by  some  [93][104]  that  each  BKBO 
sample  is  a  mixture  of  both  of  these,  which  is  modelled  by  a  metal  and  semicnductor 
in  series.  The  rise  in  resistivity  with  lowering  of  temperature  seen  in  BKBO  films  is 
indicative  of  variable-range  hopping  conduction  and  follows  a  dependence 

[8][93][117][118][119]. 
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Figure  27.  Variation  of  transition  temperature  of  BKBO 
with  potassium  content,  x  [65]. 


46 


It  has  been  demonstrated  [120]  that  in  the  La2-xSrxCu02  system,  conductivity 
increases  with  increasing  Sr  doping  up  to  x=0.34.  The  transition  temperature, 
however,  initially  rises  but  then  from  Sr  concentrations  of  x=0.15  to  0.25,  Tc 
decreases  until  superconductivity  disappears.  An  analogous  situation  would  be 
expected  in  BKBO.  Conductivity  increases  with  increasing  K  concentration  [35],  but 
Tc  decreases  as  well  [65],  implying  that  a  film  with  a  higher  Tc  would  have  a  higher 
resistivity.  There  have  been  no  reports  of  a  systematic  study  of  this. 

6.  Magnetic  properties 

BKBO  is  obviously  unlike  the  cuprates  because  it  does  not  have  two- 
dimensional  Cu-0  planes  (or  chains)  which  are  believed  to  play  a  significant  role  in 
superconductivity  of  higher-Tc  compounds.  In  addition,  there  are  no  local  moments 
on  any  of  the  ions  involved  (BKBO  is  diamagnetic  in  the  normal  state  as  well  as  in 
the  superconducting  state)  [121]. 

The  dependence  of  lower  critical  field.  He,,  on  temperature  is  shown  in  Figure 
28.  The  dependence  of  upper  critical  field,  Hq.,,  on  temperature  has  been  measured 
by  a  number  of  groups;  a  summary  is  shown  in  Figure  29,  and  the  lowest  and  highest 
slopes  obtained  are  shown  in  Figures  30  and  31,  respectively. 

BKBO  has  a  hexagonal  flux  lattice  symmetry  [125]  and  a  penetration  depth, 

Xo,  of  3300-3400  A  [81][126].  The  value  of  the  penetration  depth  will  increase  with 
increasing  temperature  dependence  for  T  <  T(,/2  [82]  according  to  the  following 
relation: 


X(T)  ,  /7cA(0)  r-AfO)^ 

X(0)  V  2kT  I  kT 


(23) 
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T  (K) 

Figure  28.  Lower  critical  field  of  BKBO  as  a  function  of  temperature,  giving 
=  4 19  ±  24  Oe  and  X  =  0.12  ±  0.02  |LLm  [122]. 


Temperaagr  OO 


Figure  29.  A  summary  of  upper  critical  field  values  measured  for  BPBO  and  BKBO 
using  various  techniques,  including  magnetization,  resistance,  and  specific 
heat  [123], 
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Figure  30.  Upper  critical  field  as  a  function  of  temperature  measured  on  a  BKBO 


single  crystal  in  a  pulsed  magnetic  field.  The  solid  line  is  based  on 
modelling  [124], 


Figure  31.  Upper  critical  field  as  a  function  of  temperature  for  a  BKBO  single 
crystal.  The.se  results  yield  the  values  dH^.,/dT=  -4.8  ±  0. 1  kOe/K, 
^(0)=.SS  ±  1  A.  and  I  ic-,(0)=  96  ±  2  kOc  |  !  221. 
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where  A,  =  penetration  depth,  and  A  =  gap  size.  At  higher  temperatures,  the  relation 
will  be  of  the  form  [127]: 


MT)  = 


X 


0 


f  \ 

4 

ll- 

T 

T 

K 

\  c) 

(24) 


The  advantage  of  cubic  superconductors  is  that  they  conduct  electricity 
similarly  along  the  three  major  axes.  The  coherence  length  is  therefore  isotropic  and 
tends  to  be  longer  than  those  of  the  higher-Tc  superconductors.  BKBO  has  a 
coherence  length  of  30-60  A  [94][I22][123][124][128][129][130][131][132][133]. 
This  value  needs  to  be  carefully  considered  when  fabricating  tunnel  junctions.  High- 
quality  superconductor/  insulator  interfaces  are  necessary  so  that  the  superconductor 
coherence  length  is  not  exceeded  by  the  defect  region  length  and  so  that  the 
superconducting  electron  pair  wavefunction  does  not  decay  before  the  barrier  is 
reached,  or  the  probability  of  pair  tunneling  will  be  too  small  and  the  critical  current 
will  be  diminished. 

D.  YBCO  properties 
1.  Structure 

The  structure  of  YBCO  is  shown  in  Figure  32.  It  is  based  on  the  basic 
perovskite  cell  (the  BKBO  structure),  with  the  rare-earth  Y  atom  in  the  body- 
centered  position.  When  fully  oxygenated,  the  structure  is  tetragonal  (space  group 
P4/mmm)  [134].  An  onhorhombic  structure  (space  group  Pmmm)  with  oxygen 
vacancies  is  necessary  for  superconductivity,  however.  If  oxygen  is  further  removed 
so  that  there  is  a  tetragonal  arrangement  of  vacancies,  the  sample  will  no  longer  be 
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YBa2Cu307-  5 
Tc  =  90  K 
^=31,4 


I  I  Yttrium 

/\  Barium 
0  Copper 
O  Oxygen 
Vacancy 


Figure  32.  Structure  of  .superconducting  YBCO 
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Table  II.  Lattice  parameters  of  superconducting  YBCO 


a,  A 

b,  A 

c,  A 

reference 

3.859 

3.9195 

11.843 

Jorgensen,  134 

3.822 

3.891 

11.677 

Cava,  136 

3.824 

3.891 

11.685 

Steinfink,  137 

3.820 

3.885 

11.683 

Williams,  138 

3.856 

3.868 

11.784 

Zeng, 139 

superconducting.  The  region  over  which  an  orthorhombic  phase  exists  is  shown  in 
Figure  33.  The  lattice  parameters  of  superconducting  YBCO  are  given  in  Table  II. 
It  can  be  seen  from  Table  II  that  there  is  anisotropy  within  the  Cu02  planes  in 
superconducting  YBCO.  The  variation  in  thermal  expansion  coefficients  is  shown  in 
Figure  34.  Such  a  difference  can  lead  to  microcracking  in  films. 

Synthesizing  this  compound  in  the  correct  stoichiometry  is  no  simple  task, 
because  the  desired  phase  is  a  line  compound.  The  phase  diagram  for  the  YBCO 
system  is  shown  in  Figure  35. 

2.  Electronic  structure 

YBCO  has  a  low  density  of  states  at  the  Fermi  energy.  The  parent  compound 
of  YBCO,  which  is  YBa2Cu306,  is  a  charge-transfer  insulator.  Superconductivity  in 
this  compound  occurs  upon  inu-oduction  of  charge  carriers,  namely  oxygen  [141], 

The  electronic  structure  of  YBa2Cu307  has  occupied  O  2s  bands  at  -16  eV 
below  the  Fermi  energy,  occupied  Ba  5p  bands  at  -10  eV,  a  nearly-full  set  of  36 
Cu  3d-  O  2p  bands  from  -5.8  to  -1-1.7  eV,  and  empty  Ba  5d  and  Y  4d  bands  above 
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Figure  33.  Possible  phase  diagram  of  YBa2Cu305+5  assuming  only  tetragonal  and 
orthorhombic  phases  are  present  [135]. 
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Figure  34.  The  a-  and  /?-axis  lattice  parameters  of  YBCO  vs.  temperature  for  samples 


heated  in  100%  oxygen  [134]. 


Figure  35.  Possible  phase  diagram  for  binary  cut  through  the  CuO-YO]  5-Bc.O  pha.se 
diagram  [  140). 
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3.4  eV.  The  Cu  3d  -  O  2p  bands  are  of  primary  interest  and  are  shown  in  Figure  36. 
There  are  many  broad,  a  p-d  bands  in  this  set  crossing  many  narrow,  non-bonding 
7t  p-d  states.  There  are  no  states  in  the  conduction  band  region  from  the  Y  layer, 
which  indicates  that  it  forms  an  insulating  tunneling  barrier  and  that  the  Cu-0  layers 
are  decoupled  [142]. 

3.  Conduction  mechanism 

Figure  37  shows  the  YBCO  structure  divided  into  layers.  The  structure 
consists  of  conduction  layers  (Cu02  layers)  and  charge-reservoir  layers.  The  number 
of  carriers  is  determined  by  the  chemistry  of  the  system  and  the  charge  transfer 
between  layers.  The  amount  of  charge  transferred  depends  on  the  structure,  the 
available  oxidation  states  of  the  atoms,  and  the  competition  between  charge  transfer 
and  oxidation  or  reduction  of  metal  atoms  in  the  charge  reservoir  layer.  The  number 
of  carriers  in  the  conduction  layer  apparently  controls  superconductivity;  varying  the 
oxygen  content  can  change  the  YBCO  from  insulating  to  superconducting.  When 
the  oxygen  content  is  varied,  there  is  a  charge  transfer  between  the  charge  reservoir 
layer  and  the  conduction  layer.  Holes  are  created  in  the  conduction  layej-  when 
electrons  are  transferred  to  the  charge  reservoir  layer.  An  effective  change  in  the 
oxidation  state  of  the  copper  atoms  in  the  conduction  planes  occurs  as  a 
consequence.  The  change  in  Cu-0  bond  lengths  can  be  observed  from  structural 
data  [143]. 

The  CuOo  conduction  planes  control  the  unit  cell  dimensions  while  the 
intercalating  metal-oxide  (charg-  reservoir)  layers  are  stretched  to  match  them.  The 
excess  space  can  hold  interstitial  defects  such  as  oxygen  atoms  or  substitutional 
defects  on  the  metal  sites,  both  of  which  affect  superconductivity  [143]. 
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Conduction  layer 


Charge  reservoir  layer 


CuOj  planes 


CuO,  chains 


•  Copper 
O  Oxygen 

•  Barium 

•  Yttrium 


Figure  37.  YBCO  structure  showing  alternating  conduction  layers  and  charge 
reservoir  layers.  The  conduction  layers  consist  of  two  Cu02  planes 
separated  by  yttrium  atoms.  The  charge  re.servoir  layers  consist  of  CuO^ 
chains  along  the  b  direction  and  al.so  Ba  and  O  atoms.  The  oxygen 
content  near  the  copper  chains  is  variable:  x  ranges  from  0  to  1  [  143]. 
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4.  Transition  temperature 


The  variation  of  transition  temperature  with  oxygen  content  is  shown  in  Figure 
38.  This  plot  demonstrates  the  importance  of  oxygen  content  to  superconductivity. 
It  also  demonstrates  how  Tc  can  be  varied  with  oxygen  content.  This  can  be  very 
useful  injunction  applications,  for  example.  An  oxygen-deficient  YBCO  film  would 
have  a  depressed  T^  and  could  be  used  as  a  barrier  in  an  SNS  junction. 

5.  Resistivity 

Figure  38  shows  the  effect  of  oxygen  composition  on  resistivity  in  this 
compound.  The  anisotropy  of  resistivity  measured  on  a  YBCO  single  crystal  is 
shown  in  Figure  39.  Resistivity  in  YBCO  has  been  found  to  be  both  metallic  and 
semiconducting. 

The  Hall  coefficient  in  the  cuprates  is  strongly  temperature-dependent,  as 
shown  in  Figure  40.  In  addition,  the  Hall  coefficient  is  very  sensitive  to  oxygen 
content;  there  is  a  rapid  increase  with  increasing  oxygen  deficiency.  The  Hall 
coefficient  is  positive,  indicating  that  holes  are  responsible  for  conduction  in  this 
material  [144]. 

6.  Magnetic  properties 

The  flux  lattice  of  YBCO  has  fourfold  symmetiy  for  measurements  with  the 
magnetic  field  parallel  to  the  YBCO  c  axis.  Such  symmetry  was  attributed  to  pinning 
by  twin  planes.  When  the  magnetic  field  was  placed  at  45°  from  the  c  axis,  a 
distorted  hexagonal  pattern  was  observed  [125]. 
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Figure  38.  Dependence  of  and  p  on  oxygen  content  of  YBCO.  The  +'s  represent 
the  range  of  the  resi.stive  transition  [136]. 
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Figure  39.  In-plane  resistivity  p^b  ^tid  perpendicular  resistivity  of  a  YBCO  single 
crystal  as  functions  of  temperature.  The  former  shows  metallic  behavior 
and  the  latter,  semiconductor-like  [144], 


Figure  40.  Inverse  of  the  Hall  coefficient  mea.sured  on  three  YBCO  crystals.  There  is 
a  strong  temperature  dependence  which  is  most  pronounced  when  T^-  is 
optimized  [141]. 
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The  coherence  length  of  YBCO  is  31  A  in  the  a  and  b  directions  and  4  A  in  the 
c  direction  [145].  This  difference  is  significant  because  there  is  almost  an  order  of 
magnitude  difference  in  the  conduction  capabihties.  In  addition,  in  anisotropic 

superconductors  such  as  YBCO,  excitation  of  "pancake"  vortex  sections  are  possible 

0 

due  to  extremely  short  c-axis  coherence  lengths.  The  penetration  depth  is  270  A  in 
the  a  znd  b  directions  and  1800  A  in  the  c  direction  [145].  A  summary  of  data 
obtained  for  the  upper  and  lower  critical  fields  is  shown  in  Tables  HI  and  IV. 
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Table  III.  A  summary  of  experimental  data  on  the  upper 
critical  fields  of  YBCO  [144] 


Group 

Ref. 

-dH,i'/dT 

(kOc/K) 

-dH,,^ldT 

(kOe/K) 

4i(0) 

(A) 

4(0) 

(A) 

Comments 

[YBajCujO,-,] 

ISSP  (Tokyo  U.) 

(25,55,64] 

8.8 

33 

25 

6.3 

Y.  Gd  and  Ho 

ISSP  (Tokyo  U.) 

[65] 

1 1 

38 

22 

6.5 

pulse  field  up  to  380  kOc 

IBM 

(62) 

4.6 

23 

34 

7 

(66) 

5.4 

38 

30 

4.3 

tTTT 

[70] 

7 

30 

27 

6 

EuBajCu)07_,( 

NTT 

(67,69) 

5.6 

33 

31 

5.1 

NTT/Osaka  U. 

(711 

4.1 

38 

35 

3.8 

pulse  field  up  to  500  kOe 

MIT 

(68) 

II 

36 

23 

6.3 

two  types  of  samples 

9.6 

40 

23 

5.6 

Grcnoble/Renne 

(72) 

7.7 

32 

26 

6.3 

TmBajCu,07-j 

[(La,.^r,)jCuO.: 

1 

IMS 

(59) 

5 

40 

(mid-point) 

2 

80 

(La|.,Ba,);CuO< 

NTT 

(73) 

12 

63 

47 

8.9 

(j:~0.04) 

IBijSr,CaCu}0|.,l 

Tokyo  U. 

(74) 

5 

45-50 

35 

3.3 

(mid-point) 

IMR  (Tohoku  U.) 

(75) 

3.9 

73 

39 

2.1 

(mid-point) 

AT&T 

(761 

5  5 

45 

31 

4 

(extrapolation  to  R  =  0) 

Table  IV,  A  summary  of  experimental  data  on  the  lower 
cntcai  fields  of  YBCO  [144] 


Group 

Ref. 

Wc,' 

(Oe) 

(Oe) 

(YBajCu,0,.,l 

IBM 

(931 

4000 

600 

1951 

4000 

o 

o 

(96) 

950 

230 

Argonne 

(941 

690 

120 
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Chapter  in.  Research  objectives 


A.  Necessary  junction  properties 

This  thesis  research  is  concerned  with  the  development  of  BKBO  and  YBCO 
superconductors  for  microelectronic  devices  and  the  understanding  of  the  structural, 
chemical,  and  electronic  behavior  of  these  devices.  In  particular,  BKBO  and  YBCO 
have  been  targeted  for  use  in  Josephson  junctions.  The  following  section  is  a 
discussion  of  the  properties  that  junction  components  need  to  possess. 

1.  Tunnel  Junctions  (SIS) 

(a)  Superconducting  films  -  The  superconducting  electrodes  need  to  be  of  good 
quality  with  few  defects,  particularly  at  the  superconductor-insulator  interface. 
This  interface  should  be  atomically  smooth  in  order  to  ensure  a  uniform  barrier 
thickness  and  thus  a  reproducible  critical  current  density,  Jq.  Isotropic 
superconductors  such  as  BKBO  are  advantageous  because  a  [100]  orientation 
will  give  the  same  electrical  response  as  an  [001].  In  addition,  an  isotropic  gap  is 
important  for  tunneling  characteristics. 

The  characteristic  distance  for  decay  by  1/e  is  the  superconducting  coherence 
length,  Materials  with  longer  coherence  lengths  are  preferred  for  junctions  so 
that  the  electron  pair  wavefunction  remains  coherent  over  longer  distances  and 
even  through  grain  boundaries,  which  act  as  weak  links  to  current  transport  in 
oxide  superconductors,  defects  such  as  dislocations,  twin  boundaries,  and 
insulating  barriers. 

(b)  Barrier  -  There  is  an  exponential  decay  of  the  transmitted  supercurrent  through 
the  barrier.  It  must  therefore  be  thin  enough  to  allow  tunneling  without  entirely 
diminishing  the  electron  wavefunction.  Tunneling  probability  is  determined  by 
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both  barrier  height  and  thickness,  as  described  in  the  Simmons  Model  (see 
Appendix  II).  The  barrier  must  be  grown  uniformly  and  without  pinholes.  The 
latter  could  cause  shorts,  which  are  undesirable  conduction  paths  in  parallel  with 
the  junction.  Barriers  should  be  closely  lattice-matched  with  the  superconductor 
in  order  to  ensure  good  epitaxy.  This  will  give  the  electrons  a  cleaner  path  at  the 
superconductor/insulator  interface  rather  than  introducing  obstacles  to 
conduction  such  as  misfit  dislocations  or  high-angle  grain  boundaries,  which  will 
effectively  shorten  the  coherence  length  or,  if  long  enough,  will  cause 
superconducting  electron  pairs  to  break  apart. 

Many  oxides  have  a  relative  dielectric  constant  of  10-30.  These  are 
acceptable,  but  it  is  desirable  to  have  a  barrier  with  a  lower  dielectric  constant  in 
order  to  lower  the  capacitance  of  the  junction.  The  higher  the  capacitance  for  a 
junction  of  fixed  area,  the  slower  the  junction  switching  time  will  be. 

(c)  Substrate  -  For  epitaxial  films  to  be  grown,  the  substrate  material  must  be  well 
lattice-matched  with  the  superconductor.  It  should  be  chemically  compatible 
with  the  superconductor,  have  a  similar  coefficient  of  thermal  expansion,  and  be 
capable  of  being  fabricated  in  large  wafers.  Substrates  should  be  uniform  (as 
should  be  all  of  the  layers  deposited  on  it)  so  that  junctions  can  be  reliably 
patterned  (for  example,  the  twinning  that  occurs  in  LaA103  makes  it  difficult  to 
pattern  films  on  it).  Table  V  shows  some  typical  substrates  with  their  lattice 
parameters,  thermal  expansion  coefficients,  and  dielectric  constants  compared  to 
those  of  BKBO.  It  can  be  seen  that  MgO  has  the  closest  lattice  match  to  BKBO 
as  well  as  a  low  dielectric  constant.  SrTi03  has  the  same  space  group  and  a 
close  match  in  thermal  r-pansion  but  a  somewhat  larger  lattice  mismatch  and  a 
very  high  dielectric  constant. 
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Table  V.  Properties  of  typical  substrate  materials  compared  to  those  of  BKBO 


substrate 

crystal  syst. 
or  space 
group  (Mbl 

pseudocubic 
lattice  [146] 
param.  (A) 

%  lattice 
mismatch  to 
BKBO 

coeff  of 
thermal 
expansion 
(xIO-6/K) 

dielectric 
constant  at 

RT  [151] 

R3m->cubic 
(at  400°C) 

d]00(c)= 

d012(h)= 

3.792 

11.5 

31.8  [147] 

16-23 

MgO 

Fm  3  m 

4.212 

10.5  [148] 

8-10 

NdGa03 

orthorhomb. 

dno(0)= 

dl(X)(c)= 

3.855 

10 

9.96  [149] 

24 

hexagonal 

a=b=4.758 
c=  12.991 

11.1 

5.4  [148] 

8.5-11.5 

SrTi03 

Pm  3  m 

3.905 

8.8 

11  [148] 

200-300 

BKBO 

Pm  3  m 

4.283  [65] 

— 

10  [150] 

— 

2.  Edge  junctions  (SNS) 

The  edge  junction  configuration  is  desirable  because  it  takes  advantage  of  the 
greater  conduction  in  the  a  and  b  directions  of  anisotropic  superconductors.  In 
addition,  the  small  area  of  the  junction  serves  to  reduce  junction  capacitance.  This  is 
important  for  increasing  junction  switching  speed  as  well  as  in  eliminating  hysteresis 
from  the  I-V  characteristic. 

(a)  Base  electrode  -  As  in  SIS  junctions,  the  substrate  and  superconducting  film 
should  be  well  lattice-matched  and  have  similar  coefficients  of  thermal  expansion. 
An  anisotropic  superconductor  such  as  YBCO  has  several  disadvantages 
compared  to  isotropic  ones  such  as  BKBO.  The  coherence  length  in  the  a  and  b 

0  o 

directions  is  much  longer  than  that  in  the  c  direction  (31  A  as  opposed  to  4  A). 
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The  greater  conduction  in  the  a  and  b  directions  make  c-axis-oriented  films  much 
better  for  in-plane  conduction  and  therefore  transport  across  an  edge  junction  or 
to  other  devices,  whereas  a-axis-oriented  films  are  better  for  conduction  through 
a  trilayer  junction.  An  anisotropic  coherence  length  influences  thermal  dissipative 
response.  In  anisotropic  superconductors,  excitation  of  "pancake"  vortex 
sections  are  possible  due  to  extremely  short  c-axis  coherence  lengths.  These  can 
be  quite  deleterious  as  a  source  of  noise  in  superconducting  circuits.  Physical 
properties  are  also  of  great  importance;  anisotropic  thermal  expansion 
coefficients  have  been  suggested  to  be  responsible  for  microcracking  in 
polycrystalline  YBCO. 

The  superconducting  films  must  be  well-oriented,  because  the  material 
present  in  the  grain  boundaries  of  YBCO  has  been  found  to  be  non¬ 
superconducting  [152],  and  even  the  cleanest  high-angle  grain  boundaries  cause  a 
reduction  in  critical  current  by  a  factor  of  50  [18].  The  base  electrode  needs  to 
be  several  penetration  depths  thick  in  order  to  lessen  inductance  effects.  The 
frequency  in  a  resistanceless  LC  circuit  equals  1/(LC)^^^  [153],  so  a  low 
inductance  is  preferable.  It  is  important,  however,  not  to  exceed  a  thickness  of 
4000  A  [154],  or  the  possibility  of  nucleating  a-axis  grains  will  arise. 

(b)  Insulator  -  The  insulator  mu.st  grow  epitaxially  and  uniformly  so  that  the  junction 
does  not  short.  It  must  be  a  material  that  can  be  deposited  within  a  reasonable 
amount  of  time  and  should  possess  a  relatively  low  dielectric  constant  in  order  to 
lessen  switching  speed.  It  must  be  able  to  withstand  ion-milling  without 
degradation. 

(c)  Barrier  -  The  be  Tier  must  be  thin  enough  so  that  the  normal-material  coherence 

length,  exceeded.  This  is  the  distance  over  which  a  weakly 

superconducting  layer  is  created  in  the  normal  metal  by  the  diffusion  of 
superconducting  electrons  and  is  inversely  proportional  to  the  resistivity  of  the 
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normal  region.  It  is  therefore  desirable  to  use  a  highly  conductive  material  for 
the  barrier.  This  allows  the  use  of  a  thicker  barrier,  which  alleviates  the  concern 
about  pinholes.  There  must,  however,  be  epitaxy  between  the  base  electrode  and 
the  barrier.  The  effective  coherence  length,  shortened  by  any 

interfacial  chemical  reaction,  strain,  or  defects  present  at  the  interface.  A  barrier 
material  such  as  gold  is  desirable  because  it  is  highly  conductive,  but  it  does  not 
grow  epitaxially.  A  conductive  material  which  is  closely  lattice-matched  with  the 
base  electrode,  does  not  create  a  high  surface  resistance  at  the  interface,  grows 
uniformly  even  at  thicknesses  of  100-200  A,  and  which  can  be  patterned  would 
be  an  ideal  candidate. 

(d)  Counter  electrode  -  The  counter  electrode  needs  to  grow  epitaxially  on  the 
barrier  in  the  edge  junction  configuration  and  must  grow  uniformly.  In  SNS  edge 
junctions,  it  is  of  the  same  material  as  the  base  electrode.  This  material  must  be 
able  to  withstand  ion  milling  and  patterning  without  degradation.  It  may  not 
degrade  during  deposition  of  subsequent  layers  nor  upon  exposure  to  the 
atmosphere.  Table  VI  shows  a  comparison  of  YBCO  to  some  typical  substrate, 
insulator,  and  barrier  materials  used  in  YBCO  edge  junctions. 

BKBO  has  the  great  advantage  of  po.ssessing  isotropic  properties.  It  has  the 
disadvantage,  however,  of  requiring  the  much-more-expensive  liquid  helium  as  a 
cryogen.  Many  of  the  challenges  of  working  with  YBCO  have  been  overcome. 
Growing  c-axis-oriented  YBCO  films,  which  can  be  done  rather  easily,  as  long  as  a 
thickness  of  4000  A  is  not  exceeded  [154]  or  impurities  or  surface  roughness  are  not 
present,  all  of  which  tend  to  nucleate  a-axis  grains,  allows  one  to  utilize  the  longer 
coherence  length  in  the  a  and  b  directions  for  conduction  across  the  edge  junction 
barrier.  The  greater  expense  of  lower  operating  temperatures  for  BKBO  can  only  be 
justified  if  BKBO  junctions  can  be  made  more  reproducibly  than  YBCO  ones.  This 
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Table  VI.  Properties  of  typical  substrate,  insulator,  and  barrier 
materials  compared  to  those  of  YBCO 


material 

purpose 

Tc 

pseudocubic 
lattice 
param  (A) 

coeff  of 
thermal  exp. 
(xIO-6/K) 

dielectric 

constant  at 

RT 

LaA103 

substrate 

dlOO(c)= 
d012(h)= 
3.792  [146] 

NdGa03 

substrate 

dll0(o)= 
dlOO(c)= 
3.855  [146] 

9.96  [149] 

24 

SrTi03 

insulator 

— 

3.905  [146] 

11  [148] 

200-300 

[151] 

PBCO 

barrier 

a=3.864 
b=3.911 
c=l  1.694 
[155] 

CoA^CO 

barrier 

53 [156] 

a=b=3.8675 
c=  11.684 
[1561 

YBCO 

electrodes 

93  [157] 

a=3.827 
b=3.877 
c=  11.708 
[157] 

11.8  [158] 

is  greatly  inhibited  by  the  degradation  of  BKBO  upon  exposure  to  the  atmosphere  as 
well  as  the  difficulty  m  deposition  of  this  material  due  to  the  volatility  of  the 
potassium  and  the  inconsistency  and  degradation  of  sputtering  targets  made  from  this 
material. 


B.  Methods 

The  purpose  of  this  project  is  to  study  the  structural,  chemical,  and  electronic 
properties  of  superconducting  BKBO  and  YBCO  thin  films  and  junctions  and  to 
obtain  an  understanding  of  device  physics. 
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1.  Of  great  importance  is  the  determination  of  whether  there  is  a  substrate-film 
reaction.  Auger  depth  profiling  was  used  to  study  this. 

2.  It  is  important  to  study  surface  morphology  and  composition  of  the  base 
electrode  (superconducting  film)  because  a  smooth,  clean  surface  without  high 
resistance  is  necessary  for  junction  uniformity.  The  techniques  used  in  this 
determination  were  reflective  high-energy  electron  diffraction  (RHEED),  low- 
energy  electron  diffraction  (LEED),  scanning  electron  microscopy  (SEM), 
atomic  force  microscopy  (AFM),  energy-dispersive  x-ray  spectroscopy  (EDXS), 
and  x-ray  photoelectron  spectroscopy  (XPS).  The  entire  film  must  be  epitaxial 
with  respect  to  the  substrate  and  well-oriented  so  that  there  are  no  high-angle 
grain  boundaries  present  and  so  that  the  electrons  have  a  clean  path  through  the 
film.  In-plane  and  growth-direction  orientation  were  determined  by  x-ray 
diffraction  (XRD),  and  resistivity  was  measured  using  the  van  der  Pauw 
technique.  In  addition,  films  were  patterned  for  critical  current-density 
measurements. 

3.  Uniform  barrier  growth  is  another  important  consideration  for  device  quality. 
The  barrier  was  observed  by  RHEED  and  LEED  and  studied  by  electronic 
measurements  of  the  junction  (pinholes  will  result  in  shorting)  as  well  as  by 
modelling  of  the  I-V  data.  The  barrier  may  not  react  with  the  superconductor; 
interfacial  chemistry  was  determined  by  XPS.  In  addition,  the  barrier  must  grow 
epitaxially.  XRD  was  used  to  observe  its  orientation. 

4.  The  counter  electrode  must  possess  the  same  qualities  as  the  base  electrode  and 
must  be  epitaxial  with  respect  to  the  barrier  and  well-oriented.  XRD  was  used  in 
this  determination.  A  van  der  Pauw  measurement  of  the  entire  trilayer  structure 
is  representative  of  the  resistivity  of  the  top  electrode  only,  if  there  are  no 
pinholes  in  the  barrier.  Measurements  of  I-V  characteristics  and  conductance 
curves  across  the  patterned  junction  yield  information  about  junction  behavior. 
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i.e.,  which  conduction  mechanisms  are  governing  the  junction  behavior.  For 
example,  from  the  I-V  curve,  one  can  see  whether  there  are  leakage  currents 
present,  whether  the  junction  is  highly  resistive  (IcRn  products  are  an  indication 
of  junction  quality),  whether  the  junction  has  a  great  deal  of  capacitance,  and 
whether  the  junction  is  RSJ-like  or  flux-flow-like.  The  I-V  data  can  be 
incorporated  into  the  Simmons  model,  discussed  in  Appendix  II,  to  determine 
barrier  height  and  thickness.  Radiation  can  be  applied  to  see  if  there  are  Shapiro 
steps  present  in  the  I-V  curve.  These  occur  as  a  result  of  the  ac  Josephson  effect, 
in  which  the  addition  of  radiation  causes  the  superconducting  electrons  to 
become  oscillators,  as  discussed  in  Chapter  I.  Such  a  response  is  shown  in 
Figure  41. 
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Figure  41.  I-V  characterisli'^  for  a  junction  with  35  GHz  applied  rf  power.  Solid 

lines  show  experimental  results.  Broken  lines  give  results  of  calculations 
without  noise  [  159]. 
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Chapter  IV.  Experimental  techniques 


A.  Review  of  experimental  methods 
1.  rf  magnetron  sputtering 

In  this  technique,  power  at  radio  frequency  is  used  to  generate  a  signal  of 
alternating  polarity.  This  signal  is  applied  to  the  target,  so  that  positive  ions  and 
electrons  are  alternatively  accelerated  toward  the  insulating  target  (such  as 
BaQ  5K0  6BiOx),  which  acts  as  the  cathode.  A  magnetic  field  is  used  to  confine  the 
plasma  to  a  space  near  the  target  so  that  there  is  a  greater  efficiency  of  electrons 
bombarding  the  target  and  knocking  off  target  atoms.  The  plasma  consists  of 
electrons,  atoms  sputtered  from  the  target,  and  also  atoms,  ions,  and  free  radicals  of 
the  sputtering  gas  (in  the  case  of  BKBO,  this  is  argon  and  oxygen;  for  YBCO,  this  is 
Ar,  O2,  and  H2O).  The  material  which  is  removed  from  the  target  is  subsequently 
deposited  on  the  substrate.  Figure  42  depicts  the  sputtering  process. 

The  first  chamber  used  in  the  deposition  of  BKBO  films  and  junctions  is  shown 
in  Figure  43.  It  is  a  Riber  system  with  capabilities  for  sputtering,  electron-beam 
evaporation,  and  in-situ  analysis  by  XPS,  RHEED,  and  LEED.  The  second 
chamber,  used  for  BKBO,  YBCO,  and  Co/YBCO  films,  was  constructed  by  me  and 
is  depicted  in  Figure  44.  A  motor  attached  to  a  pulley  and  crankshaft  at  the  top  of 
the  chamber  provided  1 80°  rotation  of  the  heater  assembly  every  hour.  The  heater 
assembly,  to  which  a  substrate-mounted  block  was  attached,  is  spring-loaded  with 
grooves  in  which  the  block  rests.  A  thermocouple  was  threaded  through  this 
assembly  so  that  the  thermocouple  was  in  close  proximity  to  the  back  of  the  block. 
The  sputtering  configuration  was  an  off-axis  one;  this  means  that  the  heater 
assembly  and  sputtering  gun  were  at  90°  to  each  other.  A  vacuum  was  obtained  by 
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Typical  Magnetron  Sputtering 
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Figure  42.  Depiction  of  magnetron  sputtering  process  [160]. 
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Figure  43.  Riber  chamber  with  .sputtering  and  evaporation  capabilities  and  in-situ 
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Figure  44.  The  chamber  u.sed  for  sputter  deposition  of  BKBO  and  YBCO  films. 
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roughing  with  a  mechanical  pump  (from  atmospheric  pressure  to  -  20  mTorr)  and 
then  using  a  turbo  pump  to  reach  pressures  of -1  x  10  ^  Torr.  Both  Baratron  (which 
senses  a  plate  displacement)  and  ionization  (detecting  the  number  of  ions)  gauges 
were  used  in  pressure  determination. 

2.  XPS 

Surface  analysis  by  x-ray  photoelectron  spectroscopy  involves  the  irradiation  of 
a  sample  in-situ  with  monoenergetic  x-rays  (either  Mg  Ka  x-rays  of  1253.6  eV  or  A1 
Ka  x-rays  of  1486.6  eV).  These  x-rays  interact  with  the  constituent  atoms  by  the 
photoelectric  effect  and  cause  the  emission  of  characteristic  photoelectrons.  The 
emitted  electrons  have  kinetic  energies  given  by  KE  =  hv  -  BE  -  where  hv  is  the 
energy  of  the  photon,  BE  is  the  binding  energy  (ionization  energy)  of  the  atomic 
orbital  from  which  the  electron  originates,  and  <{»s  is  the  spectrometer  work  function. 
In  addition,  Auger  electrons  are  emitted  by  the  relaxation  of  energetic  ions  left  after 
photoemission.  Figure  45  shows  ionization  processes  for  iron  and  uranium.  The 
Fermi  level  corresponds  to  zero  binding  energy.  The  depth  beneath  it  is  the  binding 
energy  of  the  particular  electron.  The  lengths  of  the  lines  indicate  the  relative 
probabilities  of  the  various  ionization  processes.  The  p,d,  and  f  levels  become  split 
upon  ionization,  leading  to  holes  in  the  pi/2.  P3/2-  d3/2,  d5/2,  f5/2.  and  f7/2  states  in 
the  ratios  of  1:2  for  p  levels.  2:3  for  d  levels,  and  3:4  for  f  levels,  respectively. 

Scans  are  done  qualitatively  by  sweeping  the  entire  spectrum  and  identifying 
the  resulting  peaks  in  order  to  determine  composition.  A  typical  survey  scan  is 
shown  in  Figure  46.  Spectra  can  also  be  used  somewhat  more  quantitatively  by 
sweeping  certain  energy  windows,  which  are  chosen  by  selecting  predominant  peaks 
for  each  of  the  constituent  elements  (for  example,  the  highest  Ba  are  the  3d  peaks  at 
binding  energies  of  779.65  and  795.05  eV,  so  one  would  choose  this  as  one  window. 
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Figure  45.  Ionization  energies  for  iron  and  uranium,  where  the  depth  of  the  state 
below  the  Fermi  level  is  proportional  to  the  ionization  energy  [161]. 
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Figure  46.  XPS  survey  scan  of  a  BKBO  film  with  Ba,  Bi,  and  O  lines  identified. 


the  K  2p  peaks  at  -294  eV  for  a  second,  the  Bi  4f  peaks  at  -160  eV  as  another,  and 
the  O  Is  peak  at  531.6  eV  as  a  fourth;  see  Figure  47).  The  peak  heights  obtained  in 
each  window  cannot  be  directly  compared  without  considering  Atomic  Sensitivity 
Factors  in  the  following  manner  [161]: 

n  IIS 

-!-  =  -! - L  (25) 

n  IIS 
2  2  2 

where  nj  =  the  number  of  atoms  of  the  element  per  cm^  of  sample,  =  the  number  of 
photoelectrons  per  second  in  a  specific  spectral  peak,  and  Sj  =  the  atomic  sensitivity 
factor,  which  accounts  for  the  fact  that  radiation  from  less-energetic  elements  can  be 
absorbed  more  easily  by  the  matrix.  In  addition,  a  scan  with  the  same  energy 
windows  of  the  sample  under  a  different  condition  (for  example,  after  annealing) 
could  be  compared  to  the  previous  scan.  The  difference  in  peak  heights  could  be 
compared  to  determine  relative  variations  in  composition.  Peak  positions  can  also  be 
compared  from  one  scan  to  another  in  order  to  determine  whether  a  chemical 
reaction  has  occurred.  For  example,  an  oxidation  reaction  will  shift  the  peaks  to 
higher  binding  energies,  whereas  a  reduction  reaction  will  cause  a  lowering  of  peak 
energies. 

3.  EDXS 

EDXS  is  another  compositional  analysis  technique.  It  probes  farther  into  the 
sample  than  XPS,  which  is  merely  surface-sensitive.  EDXS  involves  the 
bombardment  of  the  sample  with  electrons  and  consequent  ejection  of  characteristic 
x-rays.  When  the  electron  beam  strikes  an  atom,  an  inner-shell  electron  may  be 
ejected.  To  return  the  atom  to  its  lowest  energy  state,  an  outer-shell  electron  (of 


78 


Figure  47.  XPS  scan  with  distinct  energy  w 


BKBO  film  observed. 


Counts  Counts 


1080 

1087 

KE  eV  j 

4;  K  2p 

.  4.  S  Cii 

for  the  elements  present  in  the 


greater  energy)  will  drop  down  to  ftU  the  vacancy  in  the  lower-energy  shell.  This 
process  will  release  an  x-ray  with  energy  equal  to  the  difference  between  the  initial 
and  final  energy  of  the  electron  which  has  dropped.  The  energy  will  be  characteristic 
of  the  element  for  which  the  transition  occurs.  Figure  48  depicts  this  process. 

Both  qualitative  and  quantitative  analysis  can  be  done  with  EDXS.  The  former 
is  used  to  determine  which  species  are  present  in  the  sample;  the  latter  tells  the 
amount  of  each  present.  For  thin  films,  the  "standardless"  analysis  is  typically  used. 
A  background  is  subtracted  from  the  spectrum  before  it  is  analyzed  by  the  software. 
Peaks  are  deconvoluted,  a  "ZAF"  correction  is  applied  (where  Z  =  atomic  number, 
A  =  absorption,  and  F  =  fluorescence)  and  atomic  sensitivity  factors  are  taken  into 
account.  Then  the  atomic  percent  of  each  element  present  is  given  [162]. 

4.  RHEED  and  LEED 

Electron  diffraction  from  a  lattice  is  often  represented  in  a  reciprocal  lattice 
configuration  using  the  Ewald  sphere  construction.  These  constructions  for  LEED 
and  RHEED  are  shown  in  Figures  49  and  50.  The  Ewald  sphere  represents 
conservation  of  energy  of  the  incident  electron  beam  and  can  be  depicted  by  either 
wavelength-  (Xin  =  ^ut)  or  by  momentum  conservation  ( i  ko  I  =  I  k  | ).  The 
superposition  of  the  Ewald  sphere  on  the  reciprocal  lattice  portrays  the  Laue 
condition,  S  =  Ghj<j,  where  S  =  k-ko  is  the  momentum  transfer  which  occurs  during 
elastic  scattering  of  radiation  from  the  rigid  crystal,  and  Ghkl  is  a  reciprocal-lattice 
vector  (distance  between  points  in  the  reciprocal  lattice).  When  this  condition  exists, 
the  points  in  the  reciprocal  lattice  which  are  intersected  by  the  Ewald  sphere  will  be 
diffraction  spots  observed  in  the  electron  diffraction  pattern  [163].  An  explanation 
of  the  indexing  of  such  patterns  is  given  in  Appendix  III.  Analysis  by  LEED  and 
RHEED  was  done  in-situ  so  that  each  junction  layer  could  be  ob.served  without 
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Figure  48.  Depiction  of  the  generation  of  x-rays  by  interaction  of  electromagnetic 
radiation  with  an  atom,  using  the  Bohr  model  of  the  atom  [162]. 


Figure  49.  Reciprocal  lattice  and  Ewald  sphere  constructions.  Diffraction  geometry 
and  momentum  shown  are  appropriate  for  (a)  LEED  (b)  RHEED  [163]. 


Figure  50.  Reciprocal  lattice  for  a  single  plane  of  atoms,  for  which  the  reciprocal 
lattice  is  a  set  of  rods  normal  to  the  plane  of  the  layer,  and  Ewald 
construction  for  (a)  LEED  (b)  RHEED  [  163]. 
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breaking  vacuum. 


5.  X-ray  diffraction 

In  a  normal  two-circle  diffractometer,  any  movement  of  the  sample  must  be 
accompanied  by  a  concomitant  movement  of  the  detector  by  twice  as  much.  For 
example,  if  the  sample  is  tilted  by  5°,  the  detector  must  be  moved  by  10°  in  order  to 
ensure  that  the  angle  of  incidence  (angle  between  the  source  and  sample,  which  has 
become  (0  +  5°))  equals  the  angle  of  reflection  (which  is  the  angle  between  the 
sample  and  detector).  This  type  of  diffractometer  is  thus  referred  to  as  a  0  -  20  type. 

The  Philips  "X-Pert"  System,  however,  incorporates  a  four-circle 
diffractometer  which  allows  to  to  be  varied  independently  of  20  by  moving  the 
detector  with  respect  to  the  source.  In  addition,  (})  and  \|/  may  be  varied  by  rotating 
the  sample  360°  about  the  vertical  and  by  tilting  the  sample  stage  about  the 
horizontal,  respectively.  These  angles  as  well  as  the  allowed  measurement  region  are 
depicted  in  Figure  51.  The  parallel-beam  optics  shown  in  Figure  52  allow 
measurements  of  phase  composition,  twinning,  texture,  and  stress. 

In  order  to  determine  the  region  of  reciprocal  space  to  be  studied  and  what  the 
optimum  oa,  20,  and  0  should  be.  one  can  utilize  the  reciprocal  space  map  shown  in 
Figure  53.  From  the  allowed  areas,  one  chooses  a  certain  (hkl)  to  be  measured.  As 
shown  in  Figure  54,  to  is  the  angle  between  the  incident  beam  from  the  source  and 
the  horizontal.  The  detector  is  at  an  angle  20  from  the  projected  incident  beam 
(where  it  would  be  were  it  able  to  go  through  the  sample).  The  (303)  plane  is  at  45° 
fr^m  the  vertical  in  real  space,  and  the  ray  in  Figure  54  points  to  where  this  reflection 
would  be  found  on  the  reciprocal  space  map.  The  length  of  the  ray  (distance  from 
the  point  to  the  origin)  is  determined  by  the  d-spacing  of  the  planes  in  the  crystal  and 
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Figure  51.  Allowed  volume  of  measurement  in  diffraction  space  with  (})  and  \\i  angles 
depicted  [164], 


Rat  graphite 


Figure  52.  Schematic  of  instrument  with  parallel  beam  optics  employed  in 
measurement  of  highly  textured  films  [164], 
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Figure  53.  Reciprocal  space  map  used  in  determination  of  measurement  parameters. 

One  chooses  the  desired  (hkl)  with  the  cursor  in  the  allowed  region  and  is 
presented  with  the  optimum  26,  (O ,  and  (])  angles  based  on  a  pre-defmed 
unit  cell  of  expected  dimensions  [164], 


Figure  54.  Diagram  of  diffractometer  positions  for  a  BKBO  (303)  reflection  to  be 
observed. 
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the  orientation  of  the  ray  represents  that  of  the  plane  in  the  crystal.  The  angle 
between  the  source  and  the  ray  must  equal  the  angle  between  the  ray  and  the 
detector,  so  that  the  angle  of  incidence  equals  the  angle  of  reflection.  Since  20  is  set 
by  the  d-spacing,  CG  must  be  adjusted  so  that  these  requirements  are  met. 

If  CO  is  fixed  at  1/2(20),  then  only  planes  parallel  to  the  film  surface  are 
observed.  When  co  can  have  some  other  relationship  to  20,  then  any  reflections 
within  the  allowed  region  of  reciprocal  space  may  be  observed.  Scanning  co  will  yield 
information  about  rocking  curve  widths.  The  mosaic  spread  in  the  vertical  direction, 
Acoj,  is  found  by  keeping  20  constant  and  scanning  co.  This  gives  an  indication  of  the 
deviation  of  grains  whose  axes  are  not  parallel  to  the  plane  normal.  Fixing  20,  (}),  and 
\|r  and  scanning  co  allows  one  to  observe  the  mosaic  spread  in  the  plane  of  the  film, 
Ac02.  Tilting  \|/  allows  one  to  take  a  plane  at  some  arbitrary  angle  and  tilt  it  until  it  is 
vertical.  Rocking  co  will  then  show  variations  from  the  vertical  which  are  actually 
deviations  from  an  in-plane  direction.  The  two  types  of  rocking-curve  widths  are 
shown  in  Figure  55. 

Varying  ({)  allows  one  to  scan  all  of  the  (hld}'s  in  360°,  for  example,  the  (101), 
(Oil),  (TOl),  and  (OTl).  If  one  compared  (|)  scans  of  similar  peaks  for  the 
substrate  and  film,  one  could  determine  the  epitaxial  (or  lack  thereoO  relationship 
between  the  two.  Orientation  of  the  film  in  the  growth  direction  can  be  determined 
by  a  20  scan,  and  a  calculation  of  the  lattice  parameter  can  be  made  from  this  scan  as 
well.  Area  scans  of  20  vs.  to  and  also  scans  are  useful  in  studying  anisotropic 
compounds;  for  example,  the  former  would  be  helpful  in  determining  the  a  and  b 
lattice  parameters  for  an  orthorhombic  material.  This  would  be  done  by  finding  the 
optimum  20,  th-n  using  Bragg's  Law,  nA,  =  2d  sin  0,  to  obtain  the  d-spacing  and  then 
using  the  equation  below  for  an  orthorhombic  material  [165]; 
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AQi 

CROSS-  r— I  Mosaic  Spread 
sectional!  1 1  in  the  Growth 
VIEW  \i/  Direction 


Measurement  Configuration 


The  standard  measurement,  Aco^, 
gives  no  information  about 
in-plane  alignment. 

The  combination  of  Aco,  and  ACO2 
quantifies  both  the  films’s  texture 
and  its  alignment  with  the 
substrate. 


Figure  55.  Schematic  of  rocking  curve  width  measurements  for  the  growth  direction 
ar''.  in  the  plane  of  the  film. 
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(26) 


A  \|/  scan  could  be  used  to  discover  whether  a  film  of  such  a  material  was  oriented 
with  all  c-axes  parallel  to  the  growth  direction.  A  y  scan  of  YBCO,  for  example, 
will  show  the  (104)  peak  at  37°  for  c-axis-oriented  grains  and  at  54°  for  a-axis 
oriented  grains. 

6.  Resistivity  measurements 

The  van  der  Pauw  technique  was  used  in  resistivity  vs.  temperature 
measurements.  This  method  is  based  on  the  premise  that  the  resistivity  of  an 
arbitrary  shape  can  be  measured  without  knowing  the  current  path  as  long  as  the 
following  considerations  are  met: 

(a)  the  contacts  are  at  or  very  near  the  edge(s)  of  the  sample 

(b)  the  contacts  are  sufficiently  small 

(c)  the  sample  thickness  is  homogeneous 

(d)  the  sample  does  not  have  isolated  holes 

Define  RaB  CD  ^  resistance  resulting  from  the  potential  difference  between 
the  contacts  D  and  C  per  unit  current  through  the  contacts  A  and  B.  Then  the 
following  equation  holds  [166]: 

exp(-7tRAB,CD^P) '  exp(-JtRBc,DA‘^P)  =  1  (27) 

where  d  is  the  sample  thickness  and  p  is  the  resistivity  of  the  material.  It  follows  that 
to  measure  resistivity  of  a  flat  sample,  one  needs  to  make  four  small  contacts  along 
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the  circumference  of  the  sample  and  to  measure  the  thickness  of  the  sample  and  the 
resistances  R^B  CD  ^BC,DA-  resistivity  will  be  of  the  form  given  below. 


P  = 


TT/i  ( ^  ^ 

^  AB.CD  BC.DA 

2 


/ 


(r  ^ 

AB.CD 

R 

\  BC.DA  y 


(28) 


where  f  is  a  function  of  the  ratio  RaB,CD^BC,DA  satisfies  the  relation 


R  -R 

AB.CD  BC.DA 

R  +R 

AB.CD  BC.DA 


=  /  arccos/i 


exp(ln2/ /)! 
2 


(29) 


If  the  contacts  are  made  at  a  distance  d  inside  the  circumference  of  the  sample,  the 
error  in  resistivity  obtained  will  be  the  following  [166]; 

Z.^L.  (30) 

p  2D- In  2 


where  D  is  the  diameter  of  the  sample. 

In  the  measurements  reported  in  this  document,  a  default  current  of  100  pA 
was  used.  The  polarity  of  the  contacts  was  switched  every  3-5  seconds  in  order  to 
cancel  the  effects  of  thermally  induced  electric  fields.  Silver  paint  was  applied  to  the 
sample  for  contacts  and  Cu-alloy  clips  which  could  be  tightened  were  used  as  the 
probe  contacts.  The  entire  probe  was  lowered  into  a  dewar  of  liquid  helium  in  order 
to  decrease  the  temperature. 
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7.  Inductance  measurements 


Inductance  vs.  temperature  was  used  as  an  additional  means  of  measuring  the 
superconducting  transition  temperature.  A  copper  coil  was  placed  directly  over  the 
sample  and  received  a  100  kHz  signal  from  a  lock-in  amplifier.  When  the  sample 
becomes  superconducting,  currents  circulate  on  the  surface  of  the  material  (around 
each  grain)  in  order  to  expel  magnetic  flux.  This  will  change  the  inductance  in  the 
copper  coil. 

The  resistive  transition  occurs  at  a  higher  temperature  than  the  inductive.  As 
soon  as  any  superconducting  electrons  find  a  continuous  path  across  the  sample,  a 
resistive  transition  is  seen.  The  whole  sample  must  become  superconducting, 
however,  before  an  inductive  transition  occurs. 

8.  Critical  current  density  measurements 

A  typical  mask  drawing  used  to  pattern  films  for  measurements  is  shown  in 
Figure  56.  Patterning  was  done  by  Ar  ion  milling.  The  two  1  and  two  V  contacts  of 
the  Tc  probe  were  placed  separately  on  different  pads  of  the  patterned  film  in  order 
to  measure  as  a  function  of  temperature. 

A  current  of  1  pA  was  applied  to  the  sample.  The  criterion  for  establishing  the 
value  of  the  critical  current  was  that  it  would  be  the  value  found  at  (1^,  1  pV)  on  the 
I-V  curve  if  and  only  if  1  pV  were  less  than  a  corresponding  resistivity  of  10"*^  Q- 
cm. 


90 


10,  25,  50,  or 
100  microns  wide 


2  mm 


•  Films  etched  by  ion  milling 

CURRENT  ^  criterion  =  1  microvolt  <  10*”  ohm-cm 

Figure  56.  Configuration  of  the  mask  used  to  pattern  films  for  critical  current  density 


measurements. 


Ag  paint 
In-situ  Au 
BKBO 
Barrier 


Figure  57.  Schematic  of  the  configuration  u.sed  in  BKBO  tunnel  junction 
measurements  [171]. 
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9.  Junction  measurements 


Measurements  of  the  electrical  properties  of  BKBO  junctions  were  done  by 
utilizing  the  same  probe  used  for  measurements.  One  set  of  I  and  V  contacts 
(I+,  V+),  were  placed  on  the  same  junction  area  while  the  other  contacts  (I-  and  V-) 
were  placed  separately  on  different  areas.  This  is  shown  in  Figure  57.  In  such  a 
configuration,  which  was  patterned  by  Ar  ion  milling,  one  can  measure  the  resistance 
through  the  junction  as  well  as  across  the  BKBO  base  electrode.  A  current  supply 
was  used  to  generate  the  signal  in  order  to  measure  the  I-V  characteristic.  In 
addition,  a  lock-in  amplifier  and  differential  amplifier  were  used  when  measuring 
conductance  curves.  The  lock-in  amplifier  works  by  sending  out  a  weak  periodic 
signal  (in  this  case,  the  frequency  used  was  105  Hz).  The  weak  signal  is  amplified  to 
distinguish  it  from  noise  and  is  then  phase-detected  relative  to  the  modulating  signal 
[167]. 

More  sophisticated  photolithography  was  used  to  pattern  YBCO  junctions. 
The  gold  contacts  on  these  junctions  were  wire-bonded  to  gold  pads  on  a  disk  in  a 
twisted-pair  arrangement  which  avoids  noise  from  outside  magnetic  fields.  This 
assembly  was  mounted  on  a  probe  and  a  current  supply  and  oscilloscope  were  used 
to  measure  the  I-V  characteristics.  A  microwave  oscillator  was  utilized  in  the 
observation  of  Shapiro  steps. 

B.  Film  Fabrication 

The  substrates  used  included  LaA103  (001),  MgO  (001),  AI2O3  (lT02), 
NdGa03  (110)  or  (001),  SrTi03  (001),  and  SrTi03  (01 1).  These  were  mounted  on 
a  Ni  block  with  silver  paint.  The  block  was  then  heated  at  -100°C  for  one  hour,  and 
at  -140°C  and  ~210°C  for  20  minutes  each  on  a  hot  plate  to  secure  the  adhesion  and 
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ensure  uniform  thermal  contact  of  the  substrates  to  the  block.  The  blocks  were 
heated  resistively  in  the  chamber,  first  to  — 800°C  in  order  to  clean  the  substrates  and 
then  to  the  appropriate  deposition  temperature.  All  films  were  deposited  by  rf 
magnetron  sputtering  from  pressed  and  sintered  ceramic  targets.  Samples  were 
rotated  throughout  the  entire  run  in  each  case.  A  post-anneal  in  1  atmosphere  of 
oxygen  at  400°  C  followed  every  deposition.  It  is  important  that  this  anneal  be 
carried  out  at  a  relatively  low  temperature  in  order  to  retain  the  volatile  potassium 
and  to  prevent  precipitation  of  the  KBi02  phase,  which  occurs  at  500°C  for 
Bao.6Ko.4Bi03[168]. 

The  first  BKBO  films  were  deposited  by  rf  magnetron  sputtering  in  an  off-axis 
configuration  with  a  stoichiometric  (Bao.6Ko.4Bi03)  target  used  in  conjunction  with 
a  KO2  target.  Pressures  of  20  mTorr  O2  and  30  mTorr  Ar  (and  variations  of  these), 
a  gun  power  of  40  W.  and  deposition  temperatures  of  200-400°C,  as  well  as  room 
temperature,  were  used.  The  films  were  unstable  in  air  and  despite  the  use  of  a 
second  source  of  potassium  were  determined  by  EDX  to  be  potassium-deficient. 
The  use  of  a  quartz  crystal  monitor  showed  the  flux  from  the  KO2  target  to  be  very 
small,  so  a  KOH  evaporation  source  was  used  instead.  This  also  resulted  in  K- 
deficient  films.  A  target  with  a  stoichiometry  of  Bao.6Kl.2Bil.40x,  which  had  been 
used  successfully  in  fabncating  SIN  Junctions  [77],  was  then  used  in  a  position  45° 
from  the  substrates.  This  target  along  with  pressures  of  1  mTorr  O2  and  50  mTorr 
Ar  and  a  deposition  temperature  of  -350°C  were  used  to  successfully  fabricate 
superconducting  films  with  15.2  K  transition  temperatures  (at  R=0).  This  target 
degraded  over  time,  however,  and  results  were  not  reproducible.  The  later  use  of 
higher  pressures  and  the  same  configuration  again  produced  superconducting  films. 
The  ratio  of  oxygen  to  argon  pressures  was  varied  from  1/4  to  2/3  to  1;  the  latter 
produced  films  with  the  highest  Tc  of  the  three,  which  was  15.7  K.  A  substrate 
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temperature  of  ~400°C  was  used..  However,  a  new  target  of  the  same  composition 
never  yielded  superconducting  films. 

Finally,  a  Bao.6Ko.6BiOx  target  was  used  to  grow  superconducting  films  in  an 
off-axis  configuration  at  pressures  of  100  mTorr  O2  and  200  mTorr  Ax  and  at  a 
deposition  temperature  of  ~400°C.  Attempts  to  fabricate  superconducting  films  at 
lower  pressures  (and  thus  higher  sputtering  rates)  failed. 

SrTi03  buffer  layers  for  BKBO  films  were  sputter-deposited  at  750°C.  Such  a 
high  growth  temperature  results  in  high-quality  films. 

YBCO  films  were  grown  in  an  off-axis  configuration  on  LaA103  and  NdGa03 
substrates.  The  sputtering  gas  mixture  consisted  of  40  mTorr  O2,  100  mTorr  Ar, 
and  7  mTorr  H2O.  Water  vapor  has  been  found  to  increase  the  T^  of  the  resulting 
films  [169].  The  substrate  temperature  was  -700°C  throughout  the  deposition  and 
the  power  to  the  gun  was  80  Watts.  The  same  conditions  were  used  for  growing  Ca- 
and  Co-doped  YBCO  films. 

After  every  deposition,  the  healer  power  was  turned  down  so  that  the  films 
cooled  to  -400°C  in  20  Torr  of  On-  The  heater  was  then  turned  off  and  the  films 
cooled  slowly  to  room  temperature  in  oxygen.  This  was  done  to  allow  oxygen 
sufficient  time  to  enter  the  films;  it  has  been  found  that  the  exchange  of  oxygen  in 
YBCO  is  quite  rapid  above  500°C  but  slows  considerably  below  this  temperature, 
where  it  is  believed  that  gas-phase  diffusion  becomes  rate-controlling  [170].  The 
importance  of  oxygen  content  to  superconductivity  and  its  effect  on  T^.  can  be  seen 
in  Figure  38. 

C.  Junction  fabrication 

The  first  junction  fabricated  was  an  SIN  one  (superconductor-insulator-normal 
metal)  [171].  The  base  electrode  was  a  3500  A-thick  BKBO  film  grown  on  SrTi03 
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(Oil).  BKBO  forms  a  native  surface  insulating  layer  upon  exposure  to  the 
atmosphere;  this  layer  was  used  as  the  junction  barrier.  Silver  paint  was  used  as  the 
metal  counter  electrode. 

All  thin-film  multilayer  structures  were  then  grown  for  junction  measurements. 
They  consisted  of  a  BKBO  base  electrode  of  1500  A,  a  30-60  A-thick  barrier  of 
evaporated  MgO  or  sputtered  SrTi03,  and  a  200  A  BKBO  counter  electrode  capped 
with  500  A  of  gold  to  ensure  good  electrical  contact  to  the  superconductor.  The 
SrTi03  layer  was  deposited  at  ~400°C,  80  W,  and  in  40  mTorr  O2  and  100  mTorr 
Ar.  Silver  paint  in  ~2  mm  -diameter  regions  was  applied  to  the  gold  and  used  as  a 
mask  in  subsequent  Ar  ion-milling  at  150  volts  to  isolate  areas  of  the  samples  for 
junction  measurements.  A  schematic  view  of  the  configuration  used  for  tunneling 
measurements  is  shown  in  Figure  57.  Similar  multilayer  structures,  known  as 
BKBO-epitaxial-tunneling-heterostructures,  or  BETH's,  were  subsequently  made 
with  thicker  (nominally  200  A)  barriers  of  sputtered  SrTi03  and  19  K-Tc  BKBO 
electrodes.  These  were  patterned  in  the  same  manner  and  measured  by  the 
techniques  described  previously. 

A  BKBO  grain-boundary  junction  was  fabricated  by  depositing  BKBO  over  a 
substrate  step.  The  grain  boundary  acted  as  the  barrier.  The  film  was  patterned  and 
gold  contacts  were  deposited  on  it.  Junction  properties  were  measured  in  the  same 
fashion  as  for  YBCO  junctions. 

YBCO  edge  junctions  were  deposited  on  NdGa03.  The  YBCO  base 
electrode,  typically  -2000  A  thick,  was  deposited  as  described  previously,  and  then  a 
SrTi03  insulator  of  -2000  A  was  deposited  under  the  same  conditions  used  for  the 
SrTi03  barriers  in  all-BKBO  j-nctions.  This  structure  was  then  Ar-ion  milled  at 
150  V  and  at  an  angle  of  60°  from  the  normal  so  that  a  step  was  formed  as  shown  in 
Figure  58.  After  ion-milling,  a  5%  Br-methanol  solution  was  used  for  10  seconds  to 
clean  the  newly-formed  edge.  The  barrier,  a  300  A-thick  CoA^CO  layer,  was 
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Figure  58.  Procedure  u.sed  in  patterning  edge  junctions. 
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subsequently  deposited  under  the  same  conditions  as  YBCO  and  a  2000  A  YBCO 
counter  electrode  followed.  The  structure  was  patterned  and  gold  pads  were 
deposited  on  the  YBCO  electrodes.  The  junction  was  then  wire-bonded  onto  a  disk 
containing  a  circular  arrangement  of  gold  pads  for  junction  measurements.  The  disk 
was  mounted  into  a  probe,  submersed  in  liquid  nitrogen,  and  appropriate  electrical 
connections  were  made. 
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Chapter  V.  Results  and  Discussion 
A.  BKBO  Films 


The  challenge  in  growing  these  films  has  mostly  arisen  from  the  inconsistency 
of  the  BKBO  targets.  For  example,  one  Bao.6K1.2Bii.4Ox  target  resulted  in  films 
with  Tc  (R=0)  =  15.2  K.  These  were  used  in  SIN  junctions  and  grain-boundary 
junctions.  This  target  degraded  over  time,  however,  and  results  were  not 
reproducible.  Another  target  of  the  same  composition  never  allowed  the  production 
of  superconducting  films.  Films  made  from  this  target  under  the  same  conditions 
used  previously  resulted  in  a  great  deal  of  microcracks  or  semiconducting  films. 

A  similar  trend  was  seen  for  stoichiometric  targets  and  BaQ  5X0  6BiOx  targets. 
They  degraded  over  time  and  when  a  new  target  replaced  one,  the  optimum 
sputtering  conditions  were  not  the  same  as  what  they  had  been  for  the  previous 
target.  Results  obtained  from  these  unstable  targets  were  therefore  not  reproducible. 

These  symptoms  are  probably  a  result  of  the  difficulty  in  fabricating  both 
BKBO  targets  and  producing  stoichiometric  films  because  of  the  volatility  of  the 
potassium.  In  addition,  both  targets  and  films  react  with  the  atmosphere  to  form  a 
native  surface  layer  which  was  found  by  XPS  to  consist  mostly  of  carbonates.  This 
can  be  seen  in  Figure  59,  which  has  a  carbon  peak  at  969  eV;  no  chlorine,  which 
was  found  in  the  surface  layer  of  Ba|.xRbxBi03  films  [172],  was  present.  Figure  60 
compares  the  superconducting  transition  of  a  film  shortly  after  deposition  to  that  of 
the  same  film  one  year  later.  It  can  be  seen  that  the  transition  temperature  has 
changed  very  little  but  that  the  resistivity  has  changed  by  -50  lan  cm.  This  is 
indicative  of  a  change  in  thickness  of  the  '"iperconducting  material,  implying  that 
approximately  the  upper  250  A  has  reacted  and  has  become  a  non-conducting  layer. 

Chemical  content  has  a  profound  effect  on  the  transition  temperature  of  BKBO 
films.  The  T^  will  be  highest  for  a  potassium  content  of  x  =  0.375  in  Bai.xKxBi03 


98 


SURVEY 


T‘i?  •  i'4'f -Al  i 

'raA|S  i 

^CCO  cAu^U  ( 
i  c-jclj. 


Hi',  C  fKUi  .i  ‘i-'T  . 

UJ  a  a.a.L 


Maximum  at  : 

433. 5eV 
FWHM-  l.OeV 


04/20/1993 

cam£c:a 


Figure  59.  XPS  scan  of  a  BKBO  film  showing  the  composition  of  the  native  surface 
layer.  Note  the  carbon  peak  at  969  eV.  The  other  peaks  are  all  Ba,  K,  Bi, 
or  O  peaks  from  the  underlying  film. 


Figure  60.  Comparison  of  the  superconducting  transition  of  a  film  shortly  after 


deposition  to  that  of  the  same  f 'm  one  year  later.  The  transition 
temperature  is  ver>'  similar  but  the  resistivity  has  changed  by  ~50  jiH  cm. 
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and  will  then  decrease  as  K  content  increases  [65].  Energy-dispersive  x-ray  analysis 
by  spectroscopy  (EDXS)  has  been  used  to  determine  the  K  content.  It  has  been 
useful  in  giving  an  idea  of  whether  enough  K  is  present  for  the  film  to  possibly  be 
superconducting  (e.g.,  20  atomic  percent(a/o)  vs.  10),  but  quantitative  results  cannot 
be  considered  accurate  and  should  only  be  used  in  a  relative  sense.  The 
inconsistency  in  results  obtained  (sometimes  films  known  to  be  superconducting  have 
as  little  as  13.8  a/o  K,  with  K/(K  -l-  Ba)  =  0.36,  or  as  much  as  47.7  a/o,  with 
K/(K  -I-  Ba)  =  0.66,  although  the  range  is  supposed  to  be  only  from  x  =  0.375  to  0.5 
[65]),  may  be  due  to  several  factors.  The  standardless  ZAP  corrections  used  in  this 
determination  do  not  incorporate  the  effects  of  absorption  and  fluorescence  in  thin 
films,  the  fact  that  a  substrate  is  present,  and  the  interaction  that  the  elements  in  the 
superconductor  have.  The  background  correction  has  been  written  for  an  iron  alloy, 
not  for  a  compound,  and  for  a  bulk  material,  not  a  thin  film.  The  background 
subtracted  during  quantitative  analysis  is  appropriate  for  the  tall  Bi  peak  but  is  too 
great  for  the  small  Ba  and  K  peaks,  thus  introducing  a  large  error  and  making  the 
results  unreliable.  Background  subtraction  for  a  BKBO  single  crystal  spectrum  is 
shown  in  Figure  61. 

Auger  depth  profiling  showed  the  films  to  be  of  uniform  composition  without 
interdiffusion  of  the  elements  (Kcumng  (the  sample  had  a  BKBO  film  grown  on  a 
Ba-Bi-0  buffer  layer  on  a  SrTiO.t  substrate).  These  results,  shown  in  Figure  62, 
agree  with  those  of  XPS,  which  similarly  showed  the  layer  formed  on  the  film  surface 
upon  exposure  to  air  to  be  mostly  composed  of  carbonates. 

The  reason  for  the  use  of  the  Ba-Bi-O  buffer  layer  is  that  it  is  felt  that  it  would 
enhance  epitaxial  growth  [173][174]  and  prevent  any  substrate-film  reaction.  One 
would  actually  expect  the  growth  of  potassium-deficient  BKBO  buffer  films  at  high 
temperatures  to  be  detrimental  to  epitaxy,  because  this  will  increase  the  pseudocubic 
lattice  parameter  from  the  desired  4.283  A  to  4.355  A  for  a  BaBi03 


1(X) 


Figure  61.  Background  subtraction  shown  for  a  BKBO  single-crystal  spectrum  after 
the  standard  "Fe  efficiency"  program  was  run  in  order  to  calibrate  the 
background  spectrum. 
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Depth  (nm) 

Figure  62.  Auger  depth  profile  of  T91-83-S3,  a  4300  A  BKBO  film  grown  on  a 
190  A  BaBi03  buffer  and  a  SrTi03  substrata.  Beam  used  was  10  kV, 
38  nA  (a)  expanded  scale  showing  C  and  O  (at  top)  peaks  at  surface 
(b)  expanded  scale  for  BKBO  film  (c)  scan  for  entire  sample 
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film  [65].  Most  of  the  substrates  used,  however,  have  lattice  parameters  smaller  than 
that  of  BKBO,  as  listed  in  Table  V.  Our  XPS  and  Auger  results  showed  that  a 
substrate-film  reaction  is  not  of  concern.  There  was  no  apparent  effect  on 
orientation  by  using  buffer  layers,  so  we  have  ceased  to  use  them. 

Scanning  electron  microscopy  showed  the  best-quality  BKBO  films  to  be 
smooth  and  featureless.  A  smooth,  crystalline  surface  is  necessary  at  the  electrode¬ 
barrier  interface  in  junctions.  This  tool  was  also  useful  in  revealing  microcracks  in 
non-superconducting  films,  as  well  as  some  rock-like  features  on  poor-quality  films 
with  very  large  Aco's. 

Similar  results  were  seen  with  atomic  force  microscopy.  Films  with  very  low 
resistivities  and  Aoi's  of  0.6-0.7°  had  small,  round,  pebblelike  features,  while  films 
with  large  Aco's  had  large  features  which  looked  like  the  rock  formations  found  on 
cave  walls. 

Indexing  RHEED  and  LEED  patterns  allows  one  to  determine  the  two- 
dimensional  symmetry  of  the  film  surface  and  the  orientation  of  the  film  with  respect 
to  that  of  the  substrate.  An  example  of  pattern  indexing  is  given  in  Appendix  III. 
These  patterns  can  also  yield  limited  information  about  the  surface  structure.  For 
example,  one  set  of  16.8  K  films  apparently  had  facets  which  were  likened  to 
greenhouse  roofs  or  this  type  of  pattern  may  be  due  to  a  vicinal  surface  [175] [176]. 
This  structure  was  indicated  by  the  divergence  of  two  separate  reflected  beams  in 
LEED,  as  well  as  by  the  difference  in  reflections  at  slightly  different  angles  in 
RHEED. 

Typical  LEED  and  RHEED  patterns  are  shown  in  Figures  63  and  64.  These 
techniques,  especially  LEED,  are  surface-sensitive,  the  figures  thus  show  that  the 
symmetry  of  the  bulk  of  the  BKBO  films  was  evident  even  in  the  surface  layer.  Since  - 
RHEED  patterns  are  representative  of  a  surface  layer  20-50  A  thick,  on  the  same 
order  as  the  coherence  length  of  BKBO,  this  indicates  that  the  symmetry  of  the  bulk 
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Figure  64.  RHEED  patterns  for  (a)  a  BKBO  base  electrode  (b)  an  MgO  barrier  on 

BKBO  (c)  a  SrTiOs  barrier  on  BKBO  and  (d)  a  BKBO  counter  electrode 
grown  on  the  SrTi03  barrier  [171]. 
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Figure  63.  LEED  patents  of  (a)  a  BKBO  counter  electrode  and  (b)  an  MgO  barrier. 
The  electron  energies  were  20.3  and  143.0  eV,  respectivley  [171]. 
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of  the  film  was  present  in  the  surface  region  which  determines  the  gap  voltage  and 
temperature  dependence  of  the  tunnel  junction.  This  is  an  important  consideration  in 
junction  fabrication.  The  (001)  orientations  seen  in  the  figures  prove  that  the  films 
have  grown  epitaxially  on  their  respective  substrates.  The  streaked  spots  present  in 
the  RHEED  patterns  indicate  smoothness  of  the  films,  whereas  the  Kikuchi  lines 
(long,  diagonal  streaks)  which  are  clearly  visible  in  Figure  64(a)  are  typical  of  a  well- 
ordered  crystalline  surface.  The  Kikuchi  lines  arise  when  electrons  channel  through 
the  crystal. 

Figure  65  shows  a  typical  20-(O  scan  for  a  BKBO  film  on  LaA103  with  the 
peaks  identified.  It  can  be  seen  that  the  film  has  grown  with  both  (001)  and  (Oil) 
orientations.  This  scan  is  useful  for  calculating  a  lattice  parameter  from  the  peak 
positions.  The  fact  that  potassium  content  scales  directly  with  lattice  parameter 
makes  XRD  very  significant  in  determining  chemical  content  of  fully  oxygenated 
films.  A  lattice  parameter  of  4.265  A,  for  example,  would  indicate  that  too  much 
pxitassium  is  present  in  the  films  and  that  the  next  experiment  should  be  run  at  a 
higher  temperature  to  release  some  of  this  volatile  component.  This  should 
accordingly  raise  the  Tc  of  the  films.  These  results  have  not  shown,  however,  that 
the  lattice  parameter  has  to  be  exactly  in  the  expected  range  to  be  superconducting, 
nor  that  lattice  parameters  in  this  range  necessarily  mean  that  the  films  WILL  be 
superconducting.  Films  that  have  been  superconducting  have  had  lattice  parameters 
ranging  from  4.261  to  4.294  A,  while  those  of  non-superconducting  films  have 
ranged  from  4.285  to  4.330  A.  The  expected  range  for  superconducting  films  would 
be  4.270-4.289  A  [65],  so  one  might  say  that  the  values  obtained  are  within 
experimental  error  of  the  expected  ones. 

The  29  scan  shown  in  Figure  66  shows  a  comparison  of  the  (022)  and  (003) 
peaks  so  that  one  can  assess  the  relative  amount  of  each.  The  repeated  observation 
of  several  orientations  of  BKBO  on  MgO  and  AI2O3  (as  well  as  lower  Tc's  or  no 
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superconducting  transition  at  all)  led  to  our  discontinuation  of  the  use  of  these 
substrates.  Multiple  orientations,  although  to  a  lesser  extent,  were  also  observed  for 
films  grown  on  LaAlOs  and  NdGaOs,  but  films  grown  on  SrTiOs  substrates  were 
consistently  single-orientation  ones.  For  this  reason,  SrTiOs  buffer  layers  were  used 
on  the  more  technologically  useful  LaAlOs  and  NdGaOs  substrates  which  can  be 
fabricated  as  large  wafers.  This  resulted  in  single-orientation  BKBO  films  with  a 
lattice  parameter  of  4.280  A,  which  can  be  seen  in  Figure  67.  The  alignment  of  these 
films  was  also  greatly  improved  in  both  the  growth  direction  and  in  the  plane  of  the 
film.  The  improvement  in  the  mosaic  spread  in  the  growth  direction  is  evident  in  the 
decreased  rocking  curve  width  (Acoi)  of  the  BKBO  (002)  peak,  shown  in  Figure  68. 
Similar  improvement  in  the  plane  of  the  film  is  indicated  by  the  rocking  curve  width 
A(02,  or  full-width-half-maximum  (FWHM),  of  the  (303)  peak  in  Figure  69.  It  can 
be  seen  that  the  use  of  a  SrTiOs  (001)  buffer  layer  decreased  Acoi  from  1.3°  to  0.7° 
and  AC02  from  1.2°  to  0.5°. 

The  use  of  a  SrTiOs  (001)  buffer  layer  on  the  substrates  changes  the  orien¬ 
tation  so  that  epitaxial  growth  of  the  BKBO  film  on  the  underlying  SrTi03  buffer 
layer  as  well  as  on  the  LaAlOs  substrate  is  obtained.  This  is  evident  in  the  alignment 
of  the  {033}  peaks  in  the  ([)  scan  shown  in  Figure  70.  Orientation  relationships  of 
misaligned  layers  can  also  be  determined  from  <()  scans  such  as  the  one  in  Figure  7 1 , 
which  shows  how  BKBO  films  grow  on  LaA103  (001). 

We  observed  that  some  BKBO  films  grow  on  NdGa03  in  a  single  orientation, 
whereas  others  have  grains  with  both  (001)  and  (Oil)  growth  directions.  This  may 
be  due  to  the  substrate  miscut  angle.  Different  wafers  are  miscut  by  different 
amounts.  Some  substrates  are  purposely  miscut  because  it  rc  quires  less  energy  for  a 
thin  film  to  nucleate  on  the  resulting  steps  than  on  a  flat  surface,  which  would  entail 
more  surrounding  broken  bonds  [177],  as  shown  in  Figure  72.  It  has  been  found  that 
the  growth  mechanism  of  films  is  profoundly  affected  by  the 
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Figure  67.  X-ray  26  scan  showing  a  comparison  of  (01 1)  to  (001)  BKBO  growth  and 
how  SrTi03  buffer  layers  simulate  SrTi03  single-crystal  substrates  [58]. 


Figure  68.  Mosaic  spread  of  misaligned  grains  for  the  (001)  growth  direction  of 

BKBO  films.  This  shows  the  improvement  gained  by  using  SrTi03  buffer 
layers  and  how  they  mimic  SrTi03  substrates  [58]. 
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Figure  69.  Rocking  curve  width,  AC02,  of  BKBO  (303)  peak  showing  the  mosaic 
spread  in  the  plane  of  a  BKBO  film  on  NdGa03. 


(()  (degrees) 

Figure  70.  This  ())  scan  is  of  the  BKBO,  SrTi03,  and  LaA103  {033 }  x-ray  diffraction 
peaks  and  shows  the  in-plane  orientation  of  a  BKBO  (001)  film  grown  on 
SrTi03-buffered  LaA103  [58]. 
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Figure  71.  Orientation  of  BKBO  (01 1)  on  LaA103  (001)  as  determined  by  a  ({)  scan. 


Figure  72.  Schematic  of  nucleation  occurring  on  a  flat  surface  and  on  a  step. 

Addition  of  a  single  atom  onto  (a)  a  flat  interface  increases  the  nmber  of 
broken  bonds  by  four  (b)  a  ledge  increases  the  number  of  broken  bonds  by 
two  (c)  a  jog  does  not  change  the  number  of  broken  bonds  [177]. 
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substrate  miscut  angle  [178][179][180][181]. 

In  addition  to  multiple  orientations  of  BKBO  films,  there  are  apparently  phases 
other  than  the  cubic  one  present  in  some  of  the  films.  Figure  73,  for  example,  shows 
some  unusual  peaks.  The  peaks  are  not  located  symmetrically  about  the  large,  center 
{110}  or  {220}  peaks,  indicating  that  they  are  not  sidebars.  Sidebars  are  periodic 
fluctuations  which  could  be  compositional  variations  caused,  for  example,  by 
spinodal  decomposition,  or  microstructural  variations  such  as  twins  due  to  strain. 
One  would  expect  the  periodicity  to  be  on  a  greater  scale  than  the  lattice  constant 
and  for  it  to  be  symmetric.  In  addition,  the  distance  of  the  side  peaks  from  the  {110} 
is  twice  that  from  the  {220}.  It  therefore  appears  that  the  peak  splitting  is  due  to  the 
presence  of  an  orthorhombic  phase  with  lattice  parameters  somewhat  different  than 
those  predicted  [65]  but  still  within  the  realm  of  possibility. 

Higher  Tc's  and  sharper  transitions  correspond  directly  to  the  presence  of  a 
single-orientation  film.  The  transitions  shown  in  Figures  74,  75  and  76  for  films 
grown  from  the  first  BaQ  ^Kq  5BiOx  target  are  proof  of  this.  Figure  74  shows  a 
BKBO  film  grown  on  SrTi03-buffered  LaA103  with  a  transition  (R=0)  at  26.2  K. 
By  contrast,  a  BKBO  film  grown  directly  on  LaA103  during  the  same  deposition  had 
a  resistive  T^  of  3  K  lower  and  an  inductive  transition  6.5  K  lower.  In  a  similar 
manner,  growing  BKBO  on  SrTi03-buffered  NdGa03  increased  the  resistive  T^  by 
4  K  and  the  inductive  by  6  K.  The  25.9  K-transition  temperature  in  Figure  75  is  that 
for  a  BKBO  film  grown  directly  on  a  SrTi03  substrate  during  the  same  run.  The 
films  in  Figures  74  and  75  are  both  single-orientation  and  represent  the  highest-Tc 
films  obtained.  These  films  exhibited  metallic  behavior  and  had  resistivities  of  -320 
)iQ-cm  just  above  the  transition.  Another  film,  which  had  a  resisti\-^  transition  at 
18.7  K,  had  a  resistivity  as  low  as  68  jiH  cm  just  above  the  transition.  It  was 
metallic  with  p(300  K)/p(25  K)  =  1.74  (see  Figure  76).  The  lowest-resistivity  film  to 
date  had  p  =  45  pQ  cm  just  above  the  transition  and  p(300  K)/p(25  K)  =  1.89.  The 
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Figure  7?  X-ray  26-0  scans  showing  (a)  {220}  peak  splitting  (b)  (110)  splitting  for 
BKBO  films  which  are  believed  to  have  randomlv-oriented  orthorhombic 
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Figure  74.  Transition  temperature  for  a  BKBO  film  on  SrTi03-buffered  LaAJ03. 
The  use  of  the  buffer  raised  the  Tc  by  3  K. 


Figu- :  75.  Transition  temperature  for  a  BKBO  film  grown  directly  on  a  SrTi03 

substrate.  This  film  was  deposited  during  the  same  run  as  that  shown  in 
Figure  74. 
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Figure  76.  Resistivity  vs.  temperature  for  a  BKBO  film  grown  on  SrTi03.  This  film 
had  a  particularly  low  resistivity  of  68  p.Q-cm  just  above  the  transition. 
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Tc  of  this  film  was  21.9  K,  and  it  was  deposited  under  the  same  conditions  as  the 
18.7  K  film,  thus  refuting  the  assertion  that  a  BKBO  film  with  a  higher  Tc  would 
have  a  higher  resistivity. 

Not  all  of  the  superconducting  films  are  metallic.  In  some  cases  (such  as  that 
shown  in  Figure  77)  there  is  an  initial  rise  in  resistivity  and  then  a  drop.  In  other 
cases  there  is  a  rise  in  resistivity  with  decreasing  temperature  until  the  transition  is 
reached;  this  is  indicative  of  variable-range  hopping  conduction.  Figure  78(a)  shows 
an  example  of  this  for  230  K  to  ~120  K.  In  such  a  case,  the  data  fits  an 
exp[(To/T)l/4]  expression  as  shown  in  Figure  78(b).  Conductivity  is  not  due  to 
thermal  excitation  of  electrons,  which  is  evident  in  the  nonlinearity  of  the  curves  in 
Figure  78(c).  Inductive  transitions  are  always  several  degrees  below  the  resistive 
ones.  An  example  is  shown  in  Figure  79. 

Some  of  the  films  were  patterned  by  photolithography  and  argon  ion  milling  at 
150  volts  for  critical  current  density  (Jc)  measurements.  This  process  was  useful  in 
confirming  that  the  BKBO  film  was  homogeneous  and  was  not  degraded  by 
patterning,  which  is  required  for  electronic  devices.  The  results  of  the  Jc 
measurements  for  a  film  grown  on  LaAlOs  are  shown  in  Figure  80.  This  film  was 
found  to  have  a  Jc  of  -10^  A/cm^  just  2  K  below  the  resistive  transition  and 
10^  A/cm^  at  4.2  K. 

Contact  resistance  measurements  were  made  on  BKBO  films  using  the  T^ 
probe  and  placing  the  contacts  so  that  I-  and  V-  were  on  the  same  pad  and  1+  and 
V-i-  were  on  separate  pads.  The  resistance  below  the  superconducting  transition  was 
observed  and  a  value  of  1 .  lx  10’“  i2  cm  was  calculated.  This  sample  was  annealed  in 
an  attempt  to  lower  this  resistance  by  destroying  any  native  surface  layer  which  may 
have  formed.  Annealing  increased  the  contact  resistance,  however. 
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Figure  77.  Resistivity  vs.  temperature  for  a  BKBO  film  on  MgO,  showing  an  initial 
rise  and  then  a  drop  in  resistivity.  This  film  was  grown  in  the  same  run  as 


that  of  Figure  76. 


Figure  78.  (a)Resistivity  vs.  temperature  for  a  BKBO  film  grown  on  LaA103.  This 
film  exhibits  variable-range  hopping  conduction. 
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Figure  78.  (b)  Plot  of  p  vs.  for  this  film  and  two  non-superconducting  samples. 
Variphle-range  hopping  has  such  a  temperature  dependence,  (c)  Plot  of 
p  vs.  1/T,  showing  that  thermal  excitation  is  not  the  mechanism 
responsible  for  conduction. 
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Lire  79.  Superconductive  transitions  for  a  BKBO  film  on  LaA103.  Inset  shows 
resistive  transition  at  -18.5  K  and  inductive  at  -17.2  K. 
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B.  BKBO  Junctions 


The  first  junction  measured  was  an  SIN  type  (superconductor-insulator-normal 
metal)  [171].  It  consisted  of  a  3500  A  BKBO  film  on  SrTiOs  (01 1),  with  the  native 
surface  insulating  layer  used  as  the  barrier,  and  silver  paint  as  the  metal  counter 
electrode.  This  junction  did  exhibit  tunneling  behavior  (see  Figure  81)  and  a 
superconducting  gap  of  -2.5  mV  at  4.2  K,  which  can  be  seen  in  Figure  82.  A  value 
of  2A/kTc  of  4. 1  is  obtained  by  this  measurement,  consistent  with  strong  electron- 
phonon  coupling. 

A  grain-boundary  junction  was  fabricated  by  depositing  a  BKBO  film  over  a 
step  in  a  LaA103  substrate.  This  junction  had  a  rounded  SNS-like  I-V  characteristic. 
Rounding  of  the  curve  is  indicative  of  flux  flow,  which  occurs  when  I^  is  exceeded 
and  fluxons  are  being  dragged  along  by  a  Lorentz  force.  This  may  represent  current 
flow  through  a  reduced  area  in  which  Iq  is  easily  exceeded,  rather  than  junction 
behavior.  This  can  be  distinguished  by  determining  junction  response  to  microwaves. 
An  SNS-type  of  characteristic  such  as  this  one  could  be  from  an  SNS  junction  or 
from  an  SIS  junction  with  a  low  enough  capacitance  that  the  junction  is  not 
hysteretic.  The  material  at  the  grain  boundaries  could  therefore  be  either  normal¬ 
conducting  or  insulating.  The  junction  resistance  should  give  an  indication  of  this.  If 
these  junctions  truly  are  SNS  ones,  then  this  result  is  in  disagreement  with  the  SIS 
tunneling  behavior  seen  for  a  BKBO  grain-boundary  junction  grown  on  a  SrTi03 
bicrystal  substrate  [60]. 

All  thin-film  multilayer  structures  with  30-60  A  barriers  did  not  exhibit 
tunneling  behavior.  The  junctions  were  very  low-resistance  shorts,  suggesting 
pinholes  in  the  barrier.  These  may  have  been  present  because  the  barriers  inidally 
grew  as  islands,  resulting  in  a  non-uniform  layer.  The  problem  may  be  exacerbated 
by  the  large  junction  area. 
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Figure  82.  SIN  tunneling  data  for  a  BKBO/native  barrier/Ag  junction  at  various 
temperatures.  It  can  be  seen  that  the  gap  has  closed  by  13.0  K  [171]. 
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A  comparison  of  XPS  spectra  recorded  before  and  after  the  barrier  layers  were 
deposited  showed  that  the  Ba,  K,  and  Bi  photoelectron  intensities  were  greatly 
attenuated  by  the  presence  of  an  overlayer  (see  Figure  83),  thus  negating  the 
possibility  of  the  barrier  layer  remaining  as  islands  throughout  its  growth. 

RHEED  and  LEED  indicated  that  each  layer  of  the  structure  grew  epitaxially. 
Careful  observation  of  Figure  64  shows  streaks  for  the  base  electrode  in  (a)  and  the 
counter  electrode  in  (d),  indicating  two-dimensional  growth  and  thus  a  smooth 
surface,  whereas  the  MgO  barrier  in  (b)  and  the  SrTi03  barrier  in  (c)  show  round 
spots,  which  are  indicative  of  three-dimensional  growth.  This  shows  that  the 
30-60  A  barriers  grew  as  islands  and  may  have  had  pinholes  in  thinner  regions. 

Junctions  were  subsequendy  made  with  thicker  (nominally  200  A)  barriers  of 
sputtered  SrTi03  and  19  K-Tc  BKBO  electrodes.  The  K/(K-i-Ba)  ratio  determined 
by  EDX  similarly  showed  the  BKBO  films  in  the  junction  to  be  potassium-rich, 
which  is  why  the  Tc  was  only  19  K.  Increasing  the  deposition  temperature  later  led 
to  Tc's  of  25  K. 

XPS  scans  were  taken  of  the  base  electrode  and  of  the  artificial  barrier  layers. 
No  evidence  was  found  for  chemical  shifts  that  would  indicate  that  a  reaction 
between  the  barrier  materials  and  the  BKBO  had  occurred. 

Structural  evaluation  of  the  junctions  showed  that  each  layer  grew  epitaxially 
on  the  one  below  it;  this  was  confirmed  by  RHEED,  LEED,  and  an  XRD  (|)  scan. 
The  BKBO  base  electrode  of  the  junctions  was  grown  directly  on  NdGa03,  and  it 
had  a  predominantly  (001)  orientation,  with  some  (011)  growth  present  as  well.  The 
lattice  parameter  of  the  BKBO  was  4.270  A,  indicating  excess  potassium,  which  is  in 
agreement  with  EDXS  results. 

Since  RHEED  patterns  are  determined  by  a  surface  layer  -20-50  A  thick,  on 
the  same  order  as  the  coherence  length  of  BKBO,  the  RHEED  patterns 
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Figure  83.  XPS  scans  of  sample  T92-85-B1,  a  BKBO  film  on  MgO.  (a)  shows  a 
scan  for  the  BKBO  film  without  oxygen  anneal  (b)  is  for  a  MgO  barrier 
on  a  BKBO  film.  The  tall  peak  in  the  fourth  window  of  (b)  is  a  Mg  peak. 
Note  how  the  Bi,  Ba,  and  K  peaks  have  been  attenuated  by  the  presence  of 
the  MgO  overlayer.  The  peaks  in  (a)  have  not  shifted  in  KE  in  (b), 
however,  indicating  that  the  two  layers  have  not  reacted. 
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observed  showed  a  highly  crystalline  surface  structure  of  the  electrodes  which 
determines  the  gap  voltage  and  temperature  dependence  of  a  tunnel  junction.  The 
patterns  shown  in  Figure  64,  however,  indicate  three-dimensional,  island-type  or 
Stranski-Krastanov  growth.  The  barrier  probably  grew  initially  as  islands  and  was 
not  of  uniform  thickness.  Stranski  and  Krastanov  showed  that  the  second  layer  of  a 
monovalent  ionic  crystal  (M+X')  condensing  onto  a  divalent  (M+^X'^)  substrate  is 
less  strongly  bound  than  the  first  layer  and  even  less  than  the  surface  of  a  bulk  crystal 
of  (M+X‘).  Such  a  fluctuation  of  the  adsorption  energy  of  subsequent  layers  could 
well  lead  to  island  growth.  This  means  that  nucleation  processes  could  be  important 
during  several  stages  of  film  growth  and  that  nucleation  could  be  either 
homogeneous  or  defect-induced  [182].  Growth  of  a  thin  film  can  be  described  by 
[183]; 


05  =  0,  +  OgCOS  0 

in  which  Og,  Oj,  and  Oq  are  the  surface  energies  of  the  substrate,  the  substrate- 
overgrowth  (growing  thin  film)  interface,  and  the  overgrowth,  respectively,  and  6  is 
the  contact  angle  of  a  deposit  on  the  substrate.  Three-dimensional  islands  are 
observed  if  deposit  atoms  are  able  to  diffu-se  over  the  substrate  and  if  0  >  0.  The 
surface  energy  of  the  overgrowth  will  be  determined  by  the  number  of  dangling 
bonds,  so  from  this  perspective,  surface  energy  would  be  lowered  if  the  incoming 
atoms  join  already-existing  islands  rather  than  attaching  themselves  to  an  isolated 
region  of  the  substrate  and  nucleating  a  new  island.  The  misfit  strain  energy  and  the 
energy  of  misf ,  dislocations  should  be  considered  as  well.  The  number  of  islands  per 
unit  area  depends  on  the  deposit  (film)  thickness,  the  substrate  temperature,  and  the 
deposition  rate.  Low  substrate  temperatures  and  high  deposition  rates  favor  a  large 
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number  of  islands,  since  there  is  neither  time  enough  nor  the  driving  force  of  high 
temperature  for  surface  diffusion  of  deposited  atoms  [183]. 

The  junctions  grown  on  NdGa03  (001)  did  exhibit  tunneling  behavior  [58],  as 
shown  in  Figures  84  and  85.  It  can  be  seen  that  the  I-V  characteristic  in  Figure  84 
shows  a  great  deal  of  junction  leakage  and  high  resistance  when  compared  to  an  ideal 
one  such  as  that  for  a  BKBO/KNbOs/BKBO  junction  shown  in  Figure  86.  The 
conductance  curves  shown  in  Figure  85  also  have  a  rather  odd  shape  when  compared 
to  those  in  Figure  87.  This  makes  it  difficult  to  assess  the  gap  size,  although  it 
appears  to  be  7-10  mV  if  one  looks  only  in  the  most  temperature-dependent  region 
of  the  curves.  Previous  measurements  of  the  SIN  junction  already  discussed,  which 
contained  a  15  K  BKBO  film  on  SrTiOs,  had  a  gap  of  2.5  mV,  implying  that  a  19  K 
BKBO  film  on  SrTiOs  (which  the  top  electrode  in  this  SIS  junction  was)  would  have 
a  gap  of  3.2  mV.  Since  Vg  =  (Ai  +  A2)/e,  this  suggests  that  both  the  base  and  top 
electrodes  made  substantial  contributions  to  the  gap  voltage. 

A  value  of  2A/kTc  =  4.1  was  obtained  for  the  SIN  junction  previously 
measured.  Using  this  value,  a  gap  of  -7  mV  would  be  expected  if  the  contributions 
to  the  gap  voltage  from  both  the  base  and  counter  electrodes  were  consistent  with 
their  Tc's.  The  agreement  between  the  expected  gap  value  and  that  determined  from 
Figure  85  is  an  indication  that  the  initially-deposited  BKBO  layer  in  the  top 
electrode,  approximately  a  coherence  length  thick,  was  of  high  quality. 

The  effective  thickness  and  height  of  the  SrTiOs  barrier  in  this  junction  were 
calculated  using  the  Simmons  model  for  a  rectangular  barrier  [184],  which  is 
described  in  Appendix  II.  The  width  was  between  60  and  46  A  and  the  height  was 
between  220  and  360  mV  at  4.2  and  14.2  K,  respectively,  although  f  only  data  at 
high  voltages  were  considered,  much  less  variation  would  be  seen.  The  junctions  had 
an  extremely  high  resistance  of  70  kfi,  which  is  far  too  great  a  value  for  practical 
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dV/dl  (kQ)  'i  Current  (|iA) 


84. 1-V  characteristics  for  an  epitaxial  BKB0/SrTi03/BKB0  trilayer  junction 
at  various  temperatures  below  Tc  [58], 


Figure  85.  Tunneling  data  for  an  epitaxial  BKB0/SrTi03/BKB0  trilayer  Junction  at 
various  temperatures  below  Tc  [58]. 
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Figure  86. 1-V  characteristic  of  an  all-BKBO  SIS  tunnel  junction  at  4.2  K.  Nominal 
area  of  the  device  is  10  x  10  pm.  Scales  are  vertical  current  =  1  pA/div., 
horizontal  voltage  =  5  mV/div.  Tc  (R=0)  of  the  BKBO  is  23  K  [57]. 


Figure  87.  Coiuluciance  v.s.  bias  voltage  taken  at  four  different  temperatures  below 
Tc  on  an  all-BKBO  junction  |57j. 
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use.  The  calculated  resistivity  of  the  SrTi03  was  7x10^  Q-cm,  which  one  might 
expect  for  bulk  SrTi03.  The  shape  of  the  I-V  curve  is  indicative  of  flux-flow 
behavior,  which  is  seen  for  short  junctions  with  an  applied  magnetic  field  or  in  long 
junctions  due  to  self-field  effects.  These  BKBO  junctions  were  of  rather  large  area 
which  was  ill-defmed  and  could  well  be  considered  long  junctions.  The  critical 
current  through  long  junctions  is  non-uniform,  as  shown  in  Figure  14(d),  and  can  be 
cancelled  by  oppositely-flowing  currents  in  other  regions  of  the  junction.  This  may 
be  why  no  critical  current  was  observed  in  these  junctions  and  only  a  quasiparticle 
curve  was  seen. 

The  resistance  seen  below  the  gap  voltage  shows  the  presence  of  leakage 
currents.  These  may  be  due  to  extra  states  in  the  gap  (from  impurities,  for  example) 
causing  a  tunneling  current  or  to  a  conductive  path  such  as  a  pinhole  in  parallel  with 
the  junction.  There  is  increasing  conductivity  at  higher  voltages,  which  may  be  due 
to  the  relatively  low  barrier  height  calculated  (a  typical  barrier  height  for  NbN  is 
1-1.5  V).  The  Simmons  model  says  that  low  barrier  height  will  result  in  nonlinearity 
at  high  voltage. 

The  nominal  deposited  barrier  thickness  was  200  A,  in  disagreement  with  the 
calculated  thickness  of  60  A.  This  implies  either  that  the  barrier  grew  nonuniformly, 
with  tunneling  occurring  through  the  thinner  parts  or  that  defects  present  in  the 
barrier  led  to  resonant  tunneling,  which  is  electron-tunneling  partway  across  the 
barrier  to  a  defect  and  then  continued  tunneling.  Resonant  tunneling  has  a  lower 
probability  because  it  involves  several  sequential  tunneling  events  and  is  therefore 
undesirable  because  it  leads  to  a  lower  current  through  the  junction.  Results  from 
RHEED  evaluation  indicate  that  the  former  is  the  case;  tunneling  occurred  through 
thinner  parts  of  the  nonuniform  barrier. 
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C.  YBCO  Films 


Scanning  electron  microscopy  shows  the  1800- A  thick  films  made  in  the  new 
chamber  to  have  very  few  boulders  and  no  a-axis  grains.  They  did,  however,  have 
undesirable  pits  which  may  be  due  to  copper  re-sputtering.  Very  thick  (>14,000- A) 
films  had  very  prominent  a-axis  growth. 

Films  had  a  Tc  (R=0)  of  90  K,  as  shown  in  Figure  88.  Metallic  behavior  was 
seen  (see  Figure  89)  with  a  resistivity  ratio  p(300  K)/p(91  K)  of  -2.8.  YBCO 
displays  variable-range  hopping  conduction  only  if  doped  with  certain  elements  such 
as  Pr  [155]  or  if  depleted  of  oxygen  [136]. 

D.  Barrier  Films 

Ca-doped  YBCO  films  grown  with  water  vapor  appeared  to  be  smooth,  shiny, 
and  featureless  under  an  optical  microscope  and  were  boulder-  and  a-axis-free  when 
observed  under  an  SEM,  but  they  had  unacceptably  deep  pits  nonetheless.  Films 
grown  without  water  vapor  had  small,  round  features  but  no  pits,  boulders,  or  fl-axis 
grains. 

X-ray  diffraction  confirmed  that  there  were  no  a-axis  grains;  this  is  shown  by 
the  29-to  area  scan  in  Figure  90  and  the  V|/  scan  in  Figure  91.  In  the  former,  there 
would  be  a  {309}  peak  at  29  =  1 15.5.  0G=  12.19,  were  a-axis  growth  present  and  in 
the  latter,  there  would  be  a  peak  at  54°.  The  presence  of  (039)  and  (309)  peaks  in 
the  first  shows  this  material  to  be  orthorhombic.  The  lattice  parameters  were 
calculated  to  be  a  =  3.821-3.829  A,  b  =  3.887  A,  and  c  =  1 1.733  A. 

The  transition  temperature  for  this  material  is  expected  to  be  -60  K  [185], 
which  would  make  it  an  ideal  barrier  for  a  YBCO  SNS  junction.  The  resistive  and 
inductive  transitions,  however,  occurred  at  79.5  K  and  76.9  K,  respectively.  These 
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Tc  (R.O)  =  90.0  K,  Tc  (ind. )  =  86. 


Figure  88.  Resistive  (90  K)  and  inductive  (86.1  K)  transitions  for  a  YBCO  film  on 
LaA103. 


Figure  89.  The  p  vs.  T  and  I  vs.  T  curves  for  a  YBCO  film  on  LaA103.  The  ratio 
p(300  K)/p(100  K)  is  2.75. 
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Figure  90.  Area  20/(0  scan  for  a  CaA^CO  film.  The  peaks,  from  the  left,  are  the 


YBCO  (039),  (309),  and  LaA103  (303),  respectively.  Were  a-axis  grains 


present,  there  would  be  another  (309)  peak  at  the  same  20  value  as  the 


other  but  a  positive  co  value. 

B93-20-A1  «a.6300  Phi  59.03 

hkl  1  0  4  2Tn«t«  36.550  Pal  45.000 


Figure  91.  A  Vj/  scan  for  Ca/YBCO.  The  peak  at  37°  represents  c-axis  growth. 


There  is  no  peak  at  54°,  indicating  no  a-axis-oriented  material. 
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temperatures  are  much  too  close  to  that  of  stoichiometric  YBCO  to  be  useful.  The 
room-temperature  resistivity  was  -200  pli  cm.  This  target  apparently  changed  in 
composition  with  increased  usage  or  was  not  uniform  because  films  later  deposited 
from  this  target  had  T^-'s  of  5 1  K. 

Co-doped  YBCO  films  grown  on  LaA103  had  the  same  morphology  as  other 
films;  they  were  boulder-free  and  a-axis-free  but  had  undesirable  pits  in  them.  Very 
thick  films  (12,500  A)  were  grown  so  that  EDXS  analysis  could  be  done  without 
interference  from  substrate  peaks.  These  films  amazingly  had  no  a-axis  grains  and  no 
boulders.  The  grains  were  shaped  like  animal  crackers.  It  was  apparent  from  EDXS 
analysis  on  the  target  and  the  films  that  the  target  composition  was  reproduced  in  the 
films.  It  also  showed  the  Co/Cu  ratio  to  be  higher  than  expected. 

X-ray  diffraction  confirmed  that  no  a-axis-oriented  grains  were  present  and 
also  showed  that  the  c-axis  grains  present  were  tetragonal,  as  predicted  for 
x  =  O.l-l.O  [156].  Calculated  lattice  parameters  were  a  -  3.867  A  and  c  =  1 1.672  A. 
There  were  extraneous  peaks  which  point  to  the  possibility  of  the  presence  of  a 
second  phase. 

These  films  had  very  broad  transitions,  with  T^  (onset)  =  35  K  and 
Tc  (R=0)  =  10  K.  There  was  an  expected  [186]  but  rather  odd  rise  in  resistivity  just 
above  the  transition  as  shown  in  Figure  92. 

E.  YBCO  Edge  Junctions 

Most  of  the  YBCO  edge  junctions  with  Co-doped  YBCO  barriers  showed  flux- 
flow  behavior  with  rounded  I-V  cl.^acteristics.  One  junction,  however,  had  a  sharp, 
SNS-like  I-V  curve,  which  is  shown  in  Figure  93.  The  same  junction  was  then 
observed  with  9.9  GHz  radiation  applied  and  then  displayed  the  I-V  characteristic 
depicted  in  Figure  94.  Shapiro  steps  are  clearly  visible,  proving  that  this  junction  is 
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Figure  92.  Resistivity  vs.  temperature  for  a  Co/YBCO  film  on  LaA103.  There  is 

metallic  behavior  from  room  temperature  to  -100  K,  then  there  is  a  rise  in 
resistivity  just  above  the  transition. 
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Figure  93. 1-V  characteristic  for  a  YBCO  SNS  edge  junction  measured  at  T  =  63.9  K 
with  a  CoA^CO  barrier.  Vertical  axis  is  V,  horizontal  I,  with 
X  =  200  |j.A/division. 


Figure  94. 1-V  characteristic  of  same  junction  as  in  Figure  94,  showing  Shapiro  steps 
as  a  result  of  the  application  of  9.9  GHz  radiation.  This  was  measured  at 
64.7  K,  and  x=200  |iA/division. 
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truly  an  SNS  one  and  that  Co-doped  YBCO  is  a  viable  material  for  edge-junction 
barriers. 
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Chapter  VI.  Conclusions 
A.  Discussion  of  results 
1.  BKBO  Films 


Work  on  this  compound  wUl  not  proceed  at  a  rapid  rate  until  sputtering  targets 
can  be  fabricated  reproducibly.  This  is  not  the  only  problem,  however,  since  laser- 
ablated  films  made  from  stoichiometric  targets  made  by  Argonne  National 
Laboratory  had  Tc's  of  28  K  and  Jc's  of  >  1  MA/cm2  [i28],  although  not 
consistently.  The  most  exasperating  challenges  are  the  difficulty  in  reproducibly 
depositing  high-quality  films  due  to  target  degradation  and  the  volatility  of  the 
potassium,  as  well  as  the  instability  of  the  films  themselves.  Possible  applications  of 
junctions  made  from  BKBO  would  be  for  infrared  detectors  [187]  or  for  A/D 
converters.  Electronics  that  degrade  with  time  are  unacceptable,  unless  society  is 
suddenly  as  willing  to  purchase  disposable  computers  as  it  is  disposable  cameras. 

Such  instability  appears  to  be  exacerbated  by  poor-quality  films.  Figure  60 
shows  a  good-quality  film  (shiny  blue,  low  resistivity)  that  was  still  of  decent  quality 
a  year  later  (the  T^  was  very  close  to  what  it  had  been)  although  there  was 
apparently  a  reaction  of  the  top  ponion  of  film  to  form  a  non-conductive  surface 
layer.  The  films  represented  in  Figure  73  were  dark  green  upon  deposition  and  were 
not  superconducting.  [Most  of  the  BKBO  films  were  dark  green;  however, 
superconducting  films  have  a  metallic  blue  shine  in  reflection].  The  peak  splitting, 
assumed  to  be  caused  by  randomly-oriented  orthorhombic  grains,  points  to  the  poor 
quality  of  these  films.  Two  years  after  deposition,  these  films  were  retrieved  for 
further  analysis  by  x-ray  diffraction.  The  fims  had  totally  degraded.  They  were 
colorless  and  the  middle  [220]  peak,  which  had  previously  been  800  counts  high, 
had  shrunk  to  only  30  counts,  with  the  side  peaks  in  the  noise.  Any  carbon  dioxide 
in  the  air,  which  may  be  the  cause  of  the  degradation,  since  the  surface  layer  consists 
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of  carbonates,  can  more  easily  penetrate  a  poor-quality  film  which  has  more  grain¬ 
boundary  area  and  perhaps  more  defects  such  as  microcracks  or  dislocations.  Grain¬ 
boundary  diffusion  occurs  more  rapidly  than  diffusion  through  the  lattice  [188],  as 
would  diffusion  through  the  relatively  open  structure  around  a  strained  area, 
especially  for  a  small  atom,  as  carbon  is.  Any  exposed  surface  would  readily 
degrade,  since  surface  diffusion  is  the  most  rapid  [188].  In  addition,  the  greater  the 
misorientation  between  grains,  the  more  rapid  the  diffusion  [189].  For  this  reason, 
one  would  make  the  assumption  that  a  well-oriented  material  would  be  stable.  It  is 
obvious  that  this  material  will  not  be  useful  unless  a  method  can  be  found  to 
passivate  it  (such  as  the  method  used  in  this  project  of  sputtering  gold  on  top  to 
passivate  the  BKBO  and  ensure  good  contact  to  it  over  time)  and  unless  high-quality 
films  can  be  made  reproducibly. 

All  hope  should  not  be  abandoned,  however.  High-quality,  stable  films  have 
been  made.  These  films  were  junction-worthy  and  were  also  able  to  be  used  in  a 
great  number  of  expieriments  to  try  to  understand  the  structural,  electronic,  and 
chemical  nature  of  this  still  little-studied  material.  It  remains  a  mystery  why  a  BCS- 
like  material  with  such  a  low  density  of  states  has  such  a  high  T^.  The  variable-range 
hopping  conduction  displayed  in  certain  cases  is  also  a  phenomenon  worthy  of 
further  investigation.  This  compound  is  quite  an  interesting  one  for  study.  In 
addition,  the  discovery  of  superconductivity  in  BPBO  and  later  in  BKBO  and 
Ba-Rb-Bi-0  is  what  laid  the  groundwork  for  the  discovery  of  the  higher-T^ 
superconductors.  The  rules  formulated  by  A.W.  Sleight  and  coworkers  were  the 
basis  for  investigation  of  new  materials. 
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2.  BKBO  junctions 


SIN  junctions  that  used  the  native  surface  layer  as  the  insulator  were  very 
useful  for  study,  but  because  it  is  impossible  to  control  the  thickness  of  such  a 
barrier,  these  junctions  could  not  be  used  in  device  applications. 

Grain-boundary  junctions  are  also  quite  interesting  for  observing  junction 
behavior  and  determining  whether  the  material  at  the  grain  boundary  is  normal, 
insulating,  perhaps  superconducting  at  a  lower  temperature.  Out  of  a  series  of 
BKBO  grain-boundary  junctions  fabricated,  only  one  worked  and  that  one  only 
briefly.  These  types  of  junctions  are  very  difficult  to  reproduce  and  do  not  hold  a 
great  deal  of  promise  for  applications. 

BKBO  epitaxial  trilayer  junctions  have  the  potential  for  being  the  most 
reproducible  and  useful,  should  the  challenges  of  film-quality  and  an  appropriate 
barrier  material  be  overcome.  The  choice  of  a  barrier  is  a  difficult  one.  It  would 
seem  that  MgO  would  be  very  compatible  with  BKBO  since  its  lattice  parameter  is 
4.212  A,  which  is  a  mismatch  of  only  1.7%.  However,  BKBO  films  grown  on  MgO 
were  of  poor  quality,  with  lower  T^’s  (if  any)  and  multiple  orientations.  MgO 
barriers  grew  as  islands,  as  shown  in  the  RHEED  patterns  in  Figure  64.  This  may  be 
because  MgO  has  the  NaCl  structure,  whereas  BKBO  is  a  perovskite.  That  fact  may 
explain  why  BKBO  consistently  grew  so  well  on  SrTi03,  despite  the  9%  lattice 
mismatch  between  the  two.  However,  SrTi03  grew  as  islands  when  used  as  a 
barrier.  Perovskites  with  closer  lattice  matches  to  that  of  BKBO  would  warrant 
consideration.  Barriers  which  were  tried  [57]  were  KNb03,  with  lattice  parameters 
of  a  =  3.971  A,  b/ 42  =4.021  A.  and  c/V2  =4.045  A,  and  KTa03,  with  a  =  b  =  c 
=  3.989  A.  There  are  also  compounds  such  as  BaTi03,  with  a  =  b  =  3.989  A, 
c  =  4.029  A,  or  SrSn03,  which  is  4.0334  A,  or  the  pseudocubic  BaU03,  which  is 
4.387  A,  or  BaSn03,  with  a  lattice  parameter  of  4. 117  A.  The  most  promising 
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possibility  from  a  dimensional  view  seems  to  be  BaZr03,  with  a-b-c  -  4.192  A 
[190], 

One  would  have  difficulty  justifying  the  higher  cost  of  the  liquid  hehum 
necessary  to  cool  BKBO  junctions  unless  these  junctions  are  more  easily  fabricated 
and  are  more  reproducible  than  junctions  made  from  higher-T^  superconductors.  So 
far  this  has  not  been  the  case.  However,  relatively  little  effort  has  been  put  into 
working  with  this  material,  yet  four  groups  have  already  successfully  fabricated  SIS 
trilayer  junctions.  The  challenges  facing  researchers  from  this  material  have  also 
been  present  for  other  superconductors  and  were  only  overcome  with  time  and 
patience.  This  material  still  has  the  advantages  of  isotropy,  a  relatively  long 
coherence  length,  a  much  higher  operating  temperature  than  that  of  Nb  junctions, 
thus  allowing  the  use  of  closed-cycle  helium  refrigeration  rather  than  requiring  an 
endless  supply  of  liquid  helium,  and  the  fact  that  operation  at  lower  temperatures 
than  those  for  the  higher-Tc  superconductors  greatly  lowers  the  amount  of  noise 
present  and  thus  reduces  the  risk  of  errors. 

This  project  has  allowed  the  quantification  of  the  structural,  chemical,  and 
electronic  properties  of  BKBO  and  a  determination  of  what  makes  cenain  films 
better  than  others.- It  has  led  to  the  demonstration  that  various  types  of  junctions  can 
be  made  with  this  material  and  that  epitaxy  is  achieved  and  interdiffusion  or 
interfacial  reactions  are  not  a  concern.  Moreover,  these  materials  can  be  patterned 
into  junctions,  apparently  without  degradation  of  the  layers  in  the  process.  If  the 
films  can  be  made  reproducibly  and  an  appropriate  barrier  is  used,  chances  are  good 
that  better-quality  junctions  could  be  made. 
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3.  YBCO  and  barrier  films 


Initially,  the  same  types  of  problems  encountered  with  BKBO  films  were  true 
of  YBCO  films.  Degradation  was  seen  in  poor-quality,  nonstoichiometric  films. 
However,  techniques  have  been  established  to  reproducibly  fabricate  YBCO  targets, 
so  that  films  can  be  consistently  deposited  under  the  same  conditions.  In  addition, 
YBCO  has  no  volatile  components,  so  a  stoichiometric  target  composition  can  be 
easily  reproduced  in  the  film.  A  great  deal  is  already  known  about  this  material, 
which  makes  developments  with  it  that  much  easier. 

This  work  has  demonstrated  that  high-quality,  single-orientation  YBCO  films 
can  be  made  and  that  the  challenge  of  anisotropy  in  this  material  can  be  overcome. 
In  addition,  it  has  shown  that  Co^fBCO  and  CaTfBCO  are  both  candidate  materials 
for  barriers  if  sputtering  targets  are  of  the  proper  composition,  are  reproducibly 
made,  and  do  not  degrade  with  time,  and  that  single-orientation  films  of  these 
materials  can  be  made.  The  study  and  understanding  of  these  materials  are  still  in  the 
initial  stages,  however. 

4.  YBCO  edge  junctions 

It  has  been  demonstrated  that  YBCO  edge  junctions  can  be  made  and  that  all 
materials  in  them  can  withstand  patterning  and  the  deposition  of  subsequent  layers, 
although  this  is  not  always  the  case,  and  more  investigation  of  these  junctions  must 
therefore  be  done.  For  example,  deposition  of  the  SrTi03  insulator  at  high 
temperatures  apparently  degrades  the  YBCO  beneafi  it  by  robbing  it  of  oxygen. 
This  problem  seems  to  be  worse  when  well-oriented  insulators  are  grown  which  do 
not  allow  diffusion  of  oxygen  to  the  base  electrode.  Challenges  such  as  this  must  still 
be  faced. 
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The  edge  junction  configuration  is  desirable  because  it  takes  advantage  of  the 
fact  that  YBCO  films  prefer  to  grow  in  a  c-axis  orientation  and  it  utilizes  the  greater 
conduction  in  the  a-b  plane  while  minimizing  junction  area  in  order  to  lower 
capacitance.  High-quality  electrodes  can  be  made  reproducibly  and  viable  barrier 
materials  have  been  found,  so  the  challenges  that  remain  are  with  consistently 
growing  boulder-free  YBCO  electrodes,  growing  insulators  that  do  not  rob  the 
electrodes  of  oxygen,  and  consistently  growing  good-quality,  uniform  bamers  with 
low  resistivities  and  the  same  T^'s  each  time. 

B.  Suggestions  for  future  research 

1.  Production  of  more  BKBO  grain-boundary  junctions  and  measurement  of  their 
resistances  to  try  to  determine  whether  the  material  at  the  grain  boundaries  are 
normal  or  insulating  would  be  of  interest.  Perhaps  cleaving  the  junctions  in  some 
manner  and  attempting  EDXS  analysis  at  the  step  region  would  yield  some  useful 
information. 

2.  A  different  barrier  material  in  BKBO  trilayer  junctions  which  grows  uniformly  is 
essential.  If  high-quality  electrodes  could  be  grown  consistently,  it  would  be  of 
great  interest  to  attempt  to  fabricate  trilayer  junctions  with  barrier  materials  not 
previously  used  and  to  observe  the  growth  of  the  barrier  by  RHEED  and  LEED 
and  to  determine  the  conduction  mechanisms  through  the  junction,  as  was  done 
for  the  BKBO/SrTi03/BKBO  junctions  already  fabricated. 

3.  Should  such  trilayer  junctions  be  grown,  it  would  be  desirable  to  use  much  more 
precise  photolithography  in  order  to  process  well-defined  junctions.  Limiting 
junction  size  will  lessen  self-field  effects  seen  in  long  Josephson  junctions  and  will 
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also  lower  capacitance.  In  addition,  it  greatly  simplifies  calculations  when  the 
area  is  known  precisely. 

4.  It  would  be  interesting  to  study  different  barrier  materials  for  YBCO  edge 
junctions.  YBCO  has  been  doped  with  many  different  elements  and  the  effects 
on  structural  and  electronic  properties  have  been  observed.  Some  of  these 
compounds  would  be  candidates  for  barriers.  It  would  also  be  of  interest  to 
compare  the  growth  of  these  barriers  on  YBCO  to  the  growth  of  insulating 
barriers  on  BKBO. 
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Appendix  I.  X-Ray  Structure  Factor  Calculations 


Example  1 :  BaQ  ^Ko  4Bi03  is  a  cubic  perovskite.  The  structure  of  this  compound 
is  shown  below: 


•  =Bi 
O  =0 
0  =0.6Ba 
0.4  K 


Bl  O 


The  basis  for  this  structure  is  given  below: 
Bi  (0,0,0) 

O  ('/2,0,0) 

O  (0,'/2,0) 

O  (0,0,  '72) 

0.6  Ba  ('/2.'/2.y2) 

0.4  K  (y2,V2,V2) 


The  general  form  for  the  structure  factor  is  [191]: 


Fhkl  =  (1) 


When  the  basis  for  BKBO  is  substituted  into  the  equation  (1),  the  relation  is  then 

^hkl  =  ^Bi  +  fQC^^*  +  foe*^'  +  O.bfsae^Kh  +  k  +1)  +  o.4fKe^‘(h  +  k  +  1) 

For  example,  specific  reflections  will  have  the  following  values: 

FlOO  =  ^Bi  +  fo  -  0-6fBa  '  O  =  ^201  =  ^300  =  ^221 
Fl  10  =  fBi  -  fo  +  0-6fBa  +  O-^fK  =  ^21 1  =  ^310 
Fill  =fBi-3fo-0.6fBa-0.4fK  =  F3ii 
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^200  -  ^Bi  +  3fo  +  0.6fBa  +  =  ^220  =  ^222 

and  so  on.  There  are  no  reflections  that  are  not  allowed  for  this  compound.  The 
resulting  reciprocal  lattice  pattern  is  shown  below. 

F20o>Fiio>Fioo>Fiii 


The  positions  of  the  peaks  for  the  allowed  reflections  of  a  cubic  material  can  be 
found  using  [192] 


sin^  6  = 


^ur+e^r-)  ■ 

4a' 


(2) 


using  a  —  4.283  A  [65]  and  X  =  1.542  A  for  Cu  Ka  radiation  and  then  using  [165] 


1  _h^+k'+l^ 
~  a' 


(3) 


for  a  cubic  material,  one  obtains  the  data  given  in  Table  I. 
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Table  I.  Positions  of  reflections  calculated  for  BKBO 


hkl 

h^+k^+l^ 

sin  0 

0 

20 

d 

100 

1 

0.1800 

10.37 

20.74 

4.283 

110 

2 

0.2546 

14.75 

29.50 

3.028 

111 

3 

0.3118 

18.17 

36.33 

2.473 

200 

4 

0.3600 

21.10 

42.20 

2.141 

201 

5 

0.4026 

23.74 

47.47 

1.915 

500 

25 

0.900 

64.16 

128.32 

0.8566 

Note  that  +  1^  is  the  same  for  300  and  221,  so  these  reflections  are  both  at 

65.37°  20.  From  Table  I,  sin  Q/X  can  be  calculated  and  interpolation  can  be  used  to 
find  atomic  scattering  factors  from  the  data  in  Appendix  12  of  Cullity  [193]: 


Table  II.  Calculated  Atomic  Scattering  Factors 


hkl 

sin  0/X 

fK 

fBa 

fSi 

fo 

100 

0.12 

15.9 

50.3 

75.7 

6.7 

110 

0.17 

14.3 

46.8 

71.1 

5.8 

111 

0.20 

13.3 

44.7 

68.4 

5.3 

200 

0.23 

12.6 

42.8 

66.0 

4.9 

The  intensity  of  powder  pattern  lines  can  be  calculated  from 


1  +  cos^  20 
sin^0cos0 


(4) 
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where  I  is  the  relative  integrated  intensity,  F  is  the  structure  factor,  p  is  the 
multiplicity  factor,  6  is  the  Bragg  angle,  and  M  depends  on  the  amplitude  of  thermal 
vibration  and  the  scattering  angle  26.  The  term  e"2M  is  the  Debye-Waller 
temperature  factor  and  accounts  for  thermal  vibrations  of  atoms.  It  is  often 
neglected,  however,  so  that  the  equation  involves  only  the  structure  factor 
amplitude,  the  multiplicity  factor  for  a  given  reflection,  and  the  term  in  parentheses, 
which  is  the  Lorentz-polarization  factor  [194]. 

Multiplicity  factors  can  be  found  in  Appendix  13  of  Cullity  [195],  These 
account  for  the  fact  that  a  certain  (hkl)  actually  represents  a  family  of  planes  { hkl } . 
For  example,  a  cubic  material  will  have  six  { 100}  reflections.  The  Lorentz- 
polarization  factors  can  be  calculated  from  20  values.  Calculations  yielded  the 
results  given  in  Table  HI. 

Table  III.  Calculated  powder  pattern  intensities  of  BKBO  reflections 


hkl 

|F|2 

P 

LPF 

I 

i/io 

(I/l0)xl00 

100 

2103.1 

6 

53.75 

678,250 

0.103 

10 

110 

9820.8 

24 

27.94 

6,585,436 

1 

100 

111 

414.5 

8 

17.96 

59,555 

0.009 

0.9 

200 

12,414.4 

6 

12.89 

14 

Note  that  the  intensities  for  300  and  221  were  added  together,  then  the  relative 
intensity  was  calculated  from  the  sum. 

Example  2:  YBCO  is  an  orthorhombic,  perovskite-based  structure.  Its  structure  is 
shown  below. 
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Q 


YBa2Cu307-  5 
Tc  =  90K 
^=31,4 


^3  Yurium 
/\ 

•  Cmpptr 

O  OlJt*" 

^  vjcjocr 


The  basis  for  this  structure,  according  to  the  atomic  positions  determined  by 
Steinfink,  et  al.  [137],  will  be  that  which  is  given  below: 


Basis: 

Y  (72,1/2, Vi) 

Ba  (y2,y2,0.180) 
Ba  (y2,y2,0.820) 
Cu  (0,0,0) 

Cu  (0,0,0.347) 
Cu  (0,0,0.653) 

O  (0,72,0) 
0(0,0,0.147) 

O  (72,0,0.358) 

O  (0,72,0.358) 

O  (72,0,0.642) 

O  (0,72,0.642) 

O  (0,0,0.853) 


The  structure  factor  would  then  be  the  following: 
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Phki  =  fye^Kh+k+l)  +  fg^e7ri(h/2+k/2+(0.18)l)  +  fg^e;ii(h/2+k/2+(0. 820)1)  +  + 

f^^e27Ci(0.347)l  +  f^^e2:ci(0.653)l  +  fQeJti(h/2)  +  f^gTiiCO- 147)1  +  fQe7^i(0.853)l  + 
fQe27Ci(h/2+(0.358)l)  +fQe2Ki(k/2+(0.358)l)  +  fQe27ri(h/2+(0.642)l)  + 
fQe27ti(k/2+(0.642)l) 


Specific  reflections  could  then  be  substituted  into  this  and  intensities  calculated  as  in 
Example  1. 
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Appendix  IT.  Simmons  Model  for  a  rectangular  barrier 


The  Simmons  Model  [184]  can  be  used  to  model  the  barrier  height  and 
thickness  of  a  tunnel  junction  from  the  I-V  characteristic.  Barrier  height  is 
determined  by  the  size  of  the  insulator  gap  and  the  difference  in  work  functions  of 
the  electrodes  and  barrier.  For  an  SIS  junction,  high-voltage  data  should  be  used 
where  the  TV  characteristic  is  linear.  The  author  derived  the  following  relation 
between  current  density,  J,  and  applied  voltage,  V; 

J  =  P(V+7V3)  (1) 

where  p  =  {3e2(2m4))l/2/2h2s}exp(-A(})l/2)  (2) 

and  7=  {(Ae)3/960}  -  I  Ae3/32(j)*'^3}  (3) 

in  which  A  =  47t(2m)  e  =  electronic  charge,  m  =  mass  of  electron,  h  =  Planck's 
constant,  s  =  electrode  separation  (barrier  thickness),  and  (})  =  barrier  height  at  the 
electrode-insulator  interface. 

If  one  takes  equation  ( 1 )  and  divides  through  by  V,  one  obtains 

I/AV  =  p  +  P7V3 

If  one  then  plots  I/AV  (conductance)  vs.  V^.  one  obtains  a  slope  of  P7  and  an 
intercept  of  p.  These  values  can  be  substituted  into  equations  (2)  and  (3),  which  can 
be  solved  simultaneously  to  find  s  and  (j). 


148 


Appendix  III  -  RHEED  and  LEED  Patterns 


For  both  LEED  and  RHEED,  rj^  d^  =  XL 
where 

rhki  =  distance  from  (000)  to  (hkl)  on  photograph  (in  cm) 
dhki  =  distance  from  one  hkl  plane  to  the  next 
X  =  electron  wavelength 

L  =  distance  from  sample  to  screen  upon  which  image  is  projected 

In  our  system,  for  RHEED,  L  =  17.5  cm  and  E  =  9000  V,  so  X.L  =  2.26  A  cm  and  for 
LEED,  XL  =  54.0(E)' The  RHEED  configuration  is  such  that  the  beam 
approaches  the  sample  at  a  glancing  angle  and  is  reflected  onto  a  screen,  whereas  the 
beam  is  perpendicular  to  the  sample  surface  in  LEED  and  is  reflected  backward  onto 
a  wide-angle  screen  behind  the  beam  source. 

An  example  of  a  RHEED  pattern  is  that  for  sample  T92-83-S1,  which  was 
BKBO  on  SrTiOs  ( 1 10).  The  pattern  obtained  was  as  shown  below,  with  all 
distances  between  spots  =  7.5  mm: 


1.  Using  the  values  for  the  lattice  parameter  of  a=4.283  A,  d^  }q=3.029  A  for  BKBO 
and  a=3.905  A  for  SrTiOj,  one  can  calculate  dhki- 

2.  For  RHEED,  XL  =  2.26  A  cm,  which  equals  rhki  dhki-  It  then  follows  that 

d  =  2.26/r  =  2.26  A  cm/0.75  cm  =3.01  A.  The  value  of  3.01  A  obtained  is  close 
to  that  for  duo  of  BKBO,  so  this  implies  that  the  BKBO  has  assumed  a  (1 10) 
orientation  in  the  growth  direction. 


149 


3.  The  vertical  direction  on  the  photograph  is  always  the  growth  direction  of  the 
film,  so  [110]  must  be  the  vertical  direction.  One  can  therefore  assign  the  top  spot 
to  be  (000)  and  the  bottom  to  be  (110). 

4.  Since  the  interspot  distances  are  all  equal,  the  spots  form  equilateral  triangles, 
which  implies  that  all  directions  are  at  60°  to  each  other.  It  is  therefore  necessary 
to  find  directions  60°  from  [110].  The  dot  product  of  two  directions  can  be  found 
to  determine  the  angle  between  directions.  For  example,  consider  the  [101]  and 
[1 10]  directions: 

[hkl]*[h  k  I  ]  = 

111  222 

hh  +kk  +ll  =  Jh-  +  k-  + Jh‘  +  k-  + cosO 

12  12  12Vl  1  IV2  2  2 

[101]«[110]  =  V2V2cose 
1  =  2  cos  0 
0  =  60° 

5.  The  horizontal  directions  in  the  pattern  could  be  any  of  a  number  of  directions  60° 
from  the  [1 10]  direction,  depending  on  the  angle  of  rotation  of  the  sample  about 
the  [110]  axis.  For  example,  the  various  combinations  of  <101>  directions 
possible  are  these; 

(a)  (000)  to  spot  on  right  =  [011],  spot  on  right  to  (1 10)  spot  =  [lOT] 
so  horizontal  direction  facing  right  is  ["T 12],  facing  to  left  is  [IT  "2~ ] 

(b)  or  could  switch  directions  in  (a)  .so  that  right  is  [IT  ”2”]  and  left  is  [T 12] 

(c)  another  combination  would  be  [101],[0lT],  with  horizontal  directions  [lT2] 
facing  right  and  [T iT]  facing  left 

(d)  or  could  switch  directions  in  (c)  so  that  ["T \~T]  faces  right  and  [l'T2]  faces 
left 

Suppose  combination  (a)  is  arbitrarily  chosen.  Once  these  assignments  are  made,  the 
labelling  becomes 


hkl 
1  1  1 


h  k  I 
2  2  2 


COS0 
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•(000) 

(lOT)  -(Oil) 
•(110) 


and  the  direction  out  of  the  paper  is  set. 

6.  The  direction  of  the  beam  (which  comes  straight  out  of  the  photograph)  can  be 
found  by  taking  the  cross  product  of  two  of  the  directions 


[110]x[112]  = 


i  j 
1  1 
i  1 


k 

0 

2 


2i-2j  +  2k  =  [lTl] 


An  example  of  a  LEED  pattern  is  that  for  sample  T92-85-S 1,  which  was  BKBO  on 
(1 10)  SrTiOs-  The  pattern  was  obtained  at  77  Volts. 

•  •  A  hexagonal  pattern  was  seen,  which  one 

•  •  would  find  by  looking  down  a  <  1 1 0> 

•  •  direction 


1.  For  LEED,  XL  =  54.0/(E)l/2  =  6.154  A-cm  when  77  V  are  used. 

2.  Using  XL/r  =  d,  one  can  calculate  d-spacings  for  this  film; 

Horizontal  distance  d  =  6. 1 54  A  cm/5.5  cm  =  1 . 1 2  A 
Vertical  distance  d  =  6. 154  A  cm/4.0  cm  =  1 .54  A 

3.  Considering  the  values  for  BKBO  of  d  100=4.283  A,  di  io=3.029  A, 
d220=l-51  A,  and  d400=107  A,  it  is  apparent  that  the  horizontal  distance  is  that 
of  the  d400  of  BKBO  and  the  vertical  distance  is  the  d220  of  BKBO.  The 
vertical  direction  of  the  pattern,  which  is  the  growth  direction  of  the  film,  is 
therefore  a  <1 10>  and  the  horizontal  direction  is  a  <100>. 
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4.  Thus  the  directions  could  be 

[OlT]  *->[100] 


[Oil] 
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